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EffECTS Of THERMAL OXIDATION ON THE CONSTl:TUTION Of 

\ 

BUTTERfAf, BUTTERfAT fRACTIONS ANQ , 

CERTAIN VEGETABLE DILS 

Donna B. Kupranycz - ... McGi11 University, 1986 

The present study was undertaken to characterize the nonvolatile 
\ 

degrad~tion produc~ which are formed during the thermal oxidation of 

butterfat and butterf'at fractions as well as certain vegetable oils 
/ 

(soybean, sunflowerseed, canola and corn ails). Samples of winter and 

summer butterfat, liquid and solid butterfal fractions (~tained by a 

laboratory method which was developed and is described), ahd the vegetable 

- oils were heated at 18SoC in ,the presence of air for 8 and 16 h. 

The results of various analyses performed on the nonvolatile 

fractions of the heated fats and oils indicated that butterfat 1S much 

more stable to thermal oxidation than canola, sunflowerseed and soybean 

ails. This was evidenced by substantially higher contents of inter- and 

intramolecular polymeri~ fatty acids and total polar components in the 

vegetable ails than in any of the butterfat semples after bath 8 and 16 h 

~f heat treatm~nt. The corn ail also exhib1ted a high degree of stability 

to thermal oxidation after 8 h of heating. The 16-h corn oil data, hQw-

ever, was less certain due to the presence of a very viscous and dark 

coloured material An the inner walls of the oxidation flasK which was not 
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soluble in chloroform, ethyl ether~ or acetone; this was believed to 

contain highly polymerized ail and was not observed with any of the other 

samples. 

Ali ~f the vegetable"oils, after both Band 16 hours of heat 

treatment, contained substantially higher levels of CIB cyclic fatty ~cids 

than did any of the ~utterfat samples which were treated under ident~cal 

1 condi tians. 

With the butterfat fractions, both the solid and liquid fractions 

exhibited,a greater stability to thermal oxidation compared to whole 

butterfat. The results of this study suggested that the high degree of 

stability of butterfat to thermal oxidation is due to its fat 

composition (i.e., the high level of saturated fatty aClds in 

and also to an antioxidant component (or components) which is 

trated in the liquid fractions during butterfat fractionation. 

The results also indiceted that the prIncipal routes of decomposi­

tion are different in liquid andçsolid butterfat fractions. The liquid 

fractions contalned higher levels of dimeric and higher oligomeric trl­

glycerides in their degradation products while the solid fractions con-" 

tàined higher levels of oxygenated triglycerides and/or hydrolysls 

products. 
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RESUM:: 
c 

LES EffETS THERHO-OXYDATIfS SUR LA COMPOSITION CHIHIQUÈ 

DE LA MA TI~RE GRASSE DU 

" AINSI QUE SUR CERTAINES HUILES V ETALES. 
" 

Donna B. Kupranycz L'Université MaGill, 

1986 

Nous avons entre la présente ~tude dans le but de caract~riser 

les compos~s non volatile produits lors du traltement thermo-oxydatif de 
r) 

la mati~re grasse du beurre et de ses fractions ainsi que de certaines 

huiles 

Des ~chantil1ons de matière grasse pr~lev~s à partir du beurre 1 

d'hiver et du beurre d'~té, des fractions liquides et solides de ce gras 

(recueillies ~ l'aide d'une technique develope€ dans nos laboratoires et 

d~crite dans ce travail), et diff~rentes huiles vegétales ont été chauffés 

à 1850C et combinés ~ l'action d'-~yg~ne durant deux périqdes de 8 et / 

16 heures. 

Les r~sultats de l'analyse des composés non volatiles produits 

suite aux modif~cations thermo-oxydatives de ces corps gras indiquent une 

plus grande-stabilité de la mati~re grasse du beurre aux alterations 

thermiqu~ oxydatives comparativement aux huiles de soya, de 'colza et 

de tournes~soumises au m@me traitement. 
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L'examen de la composition chimique de nos ~chantillons accentue 

d'avantage ces diffêrences. Ainsi, la teneure en polymères (intra et 

inter moléculaire) d'acides gras et en com~osés polaires des hUiles 

v~gétales ayant subit des modifications thermo-oxydatives est supérieure ~ 

tous les autres échantillons de matière grasse du beurre, et ça, peu 
1 

importe la dur~e du traitement. l'huile de maïs d~montre ~galement une 
'" 

grande stabilit~ aux alt~rations oxydatlves après 8 heures de traitement . 
, 

Par contre, après les 16 heures de traitement de cette huile (maïs), la 

pr6sence d'une couche liquide visqueuse et foncée de matérie~ rend 

difficile l'interprétation des résultats puisquill nous a été Impossible 

de retirer cette substance du ballon oxydatif; nous croyons que cette 

substance, absente des autres échantillons, renferme une huile hautement 

polyméris~e. 

Ap~ès le traitement thermo-oxydatif, toutes les huiles végétales 

contiennent une plus grande quantité de monom~res cycliques que la matière 
~ 

grasse du beurre ayant subit les mêmes conditions. 

Les fractions à la fois solides et liqUides de matière grasse du 

beurre sont d'avantage stables après traitement thermo-oxydatif que la 

matiêre grasse d'origine. Ces résultats démontrent que la composition en 

acides gras de la matière grasse du beurre determine son susceptibilité à 

la d~gradation thermo-oxydative, (c'est-à-dire, Une teneur~élevée en 

acides gras saturés), ainsi que le ou les antio~dant~qui se retrouvent 

en majorité dans la fraction liquide du beurre lors du fractionneme~t de .. 
la matière grasse d'origine. 

.. 
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Les résultats in~iquaient que l~s principales routes de 
• , 4 ~ 

d'gradation sont différentes dans les fractions liquides '-et solides dé~'la-

matière grasse du beurre. Les produits formés dans la fr'action liquide se 
• G 

• composent d'avantage de.dimères et d'oligomères de triglyçerides, alors 
" 

'" 
que l'on retrouve une- teneure plùs élevée de tr~lyc~rides oxydés et/ou de 

produits hydrolysés. dans laofraction solide de mati~re grass~ ~u beurre. 
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o ' CHAPTER 

GENERAL INTRODUCTION 

Thermal oxidation of J fat (ca. 180°C ~ 200De in the presence 

",?f air), as wh en fats are used in frylng, i5 known lo, resul l in a variely 

o 0 qf complex chemical reactions ln the fat of the oXldatlve and thermolytic 
Q 

types (Nawar, 1985). ThlS leads to the formation of numerous volatile and 

nonvolatlle degradation produc:t$, many of 'whfch are Important l'rom ,the 

standpoints of flavour, odour and nutrItIon. 

Of particular interest in terms of the nutritlonal value of heated 
<-

fats, are the nonvolatila degradat~on products whlCh accumulate ln the 
" 

thermally oxidized fats and are subsequently ~ngested wlth the food. 

Studies have ~hown the!: more of the nonvo1 atjle, deyradatlO~ products are 

found ln the fOQd than ln the-remalnlng frying bils on a proportionallty, 

basis (tiussain and Morton, 1974; 'Thompson and Aust, 1983),. A relatlonshlp 

between the nonvolatile, non-urea-adduct-formlng fraction of therméïly 

oxidized vegetable ails and various taXIe responses has been suggested by 
'\ 

the animal experiments conducted by Crampton et al. (1953, 1956). The 
, 0 

work of subsequent researchers (Michael et al., 1966; Artman, 1'969; 

Artman and Smith, 1972; Ohfugi and Kaneda, 197?) supports these flndlngs 

and suggests that the nonadductable mono~ers (cyclic monomers) and oXlda-

tive dimers ar~ the main source of toxic'ity. The maJor question WhlCh con-
, 

tiQues to be disputed i5 the extent to which t~ese newly formed compounds 

are formed during normal deep fryIng or other procedures involved ln food 

" " preparation and the signif icance of these compounds in terms of human 

health. 

- 1 ... 
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There is sorne evidence in the early 1iterature that butterfat may 

have nutritional advantages over vegetable oils as... a cooking fat (Johnson 

et...al., 1956; Bhale['ao et aL, 1959; Coombs et aL, 1965). There 

is, however, very little informatIon on the compositlon of the nonv01a-

tiles in heated butterfat; thlS type of Information may he1p to explain 

the observed nutritionai advantages. 

ln this investlgation, the thermal oxidative behaviour of butter-

fat was studied and compared to those of canola, soybean, sunflowerseed 

and corn oils. In addition, butterfat from both winter and sum~er butter, 

was fractionated by crystallization from mo1ten fat and the thermal 

oxidative behaviour of the resultant fractions (soJid and liquld) was 

studied. Fractionation of butterfat is of particular interes~ to the 

Canadian Dalry Industry as it may lead to an expansion ln the use of 

butterfat in food formulation and processing. Ta the authors' knowledge, 

there is no information in the literature on the thermal oxidatlve 

behaviour of such butterfat fractions. To obtain meaningfu1 data f['om the 
G' 

study of butterfat fractions and Slnce butterfat fractions are available 

only to a 1imited extent in some European countries, a laboratory 

procedure which closely resembles that used in the Tirtiaux industrlal 

process (S.A. Fractionnement Tirtiaux, Belgium), was developed. The first 

part of this thesis deals with the descrIption of thls process and 

charact~rization of the fractions which were produced. The next and 

subsequent sections deal with the thermal oxidation of the vario~­
butterfat and vegetable oil samples and the, characterization of the 

resultant nonvo1ati1e fractions (dimeric and higher oilgomeric material, 

polar a~d nonpolar material, and CIB cyclic monomers) according to their 

composition. 
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CHA PTE R II 

LITERATURE REVIEW / 

1. COMPOSITION OF BUTTERFAT . 

Among aIl of the naturally occurring fats, butterfat from cow's 

milk is the most complex in Its chemlca~ and physical characteristics. 
, 'l 

Adding to thls complexity is th~ varlabillty ln ~ts composition resultlng 
b 

From feeding conditions, stage of lactation and breed of the anImal. A 

detailed dIScussion of the chemistry of mllkfat 15 not wlthln th~s~op~ of 

this thesis, but since fractlonation and thermal oxidatlon of butterfat 

are greatly affected by composition, some general remarks on the 

composition of the lipids ln mllk are included here. 

A typical composItIon of the lipids in whole bovlne'mllk 1s given 

in Table 1. 

Table 1. Composition of Lipids ln Whole Bovine Mllk (Jensen, 1973). 

-

lipid 

Hydrocarbons 

Sterol esters 

Triacylglycerols 

Diacylglycerols 

Monacylglycerols 

Free fatty acids 

Free sterols 

Phosphoplipids 

- 3 -

Weight ~ 

trace 

trace 

97 - 98 

0.28 - O.S9 

0.016 - 0.038 

0.10 - 0.44 

0.22 - 0.41 

0.20 - 1.0 
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'Milk lipids also contain appreciable quantities of the lipid sol-

uble vitamins, i.e., mainly vitamins A, D, E and K. The amounts of these 

·vitamins in cow's milk as à percentage of the total lipids have been 

reported as follows: 0.0006 - 0.0009~ VIf A; 0.00000085 - 0.0000021~ Vit 

0; 0.0024t Vit E; O.OOOlt Vit K (Kurtz, 1974). 

The liplds in mllk occur in the form of globules (ca. 2 - 3 ~ in 

.diameter) which are surrounded by a specialized bilayer membrane composed 

primarily of proteins, phospholipids, glycolipids, sterols and acylgly-

cerols (Patton and Keenan, 1975). This membrane, known as the mllkfat 

globule membrane (MfGM), maintains the Integrity of the globules and 

renders them compatible with their aqueous environment. The fat globule 

core consists almost entirely of triacylglycerols (98 - 99~); more than 

95t of the total milk lipid is in the globule fraction and the remainder 

is present in the MfGM (Table 2). 

TatHe 2. 

o 

Composit~on of Lipids from Milkfat Globule Membrane 
(Bracco et al., 1972). 

Lipid component 
Carotenoids 

Squalene 

Cholesterol esters 

Triglycerides 

free fatty acids 

Cholesterol 

Diglycer ides 

Monoglycerides 

Phosphol ipids 

a Contained sorne triglycerides 

~ of 

.. 

membrane lipids 
0.45 

0.61 

0.79 

53.40 

6.30a 

5.20 

8.10 

4.70 

20.40 
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When milk or cream is churncd to make butter, the MfGM's are 

j disrupted and the more water soluble components (proteins) plus 

approximately half of the phospholipids are lost in the buttermilk 

(Lampert, 1975) •. Hence the composition of butterfat differs from the 
• J 

parent mi1kfat, particularly in terms of the content of phospholipids. 

Butterfat contains a greater number of different fatty acids than 

any other food fat; at 1east 437 have been listed ln a comprehensive re-

view paper by Patton and Jensen (1975). The fo11owlng fatty acids are 

believed ra be present in butterfat: even- and odd-numbered saturates from 

C2 ta C28; even- and odd-numbered monoene~ From CIO ta C26 (except CIl), 

including positional and geometric isomers; even-numbered polyenolc acids 
. 

(CI80, CI8:4, C20:}, C20:4, C20:S, C22:3, C22:4, C22:5, C22:6), including 

some conjugated trans isomers; iso and anteiso monomethyl-branched fatty 

acids From C16 ta C28 with three ta five methyl branches; keto- and 

hydroxy-fatty acids (including many positional isomers, and saturated and 

un~aturated acyl chains); and at lèast one cyclic acid. Of this large 

number of fatty acids, approximately 20 are major fatty acids; the 

remainder are minor and occur in small or trace quantities (Table 3). 

r 
1 , , 

\ 

\ 
~ L 



c 

--

\ ,-----. , ' 

- --e;o..) 

.... ---- o 

. 
~ 

- 6 - o 

1/ 

Jable 3. fatty Aeid Composition of M,lkfat (Walstra and Jenness, 1984) • 

. 
Composition (in mole ~) of 

Aeid Notation neutrel glyeerides 
. 

Seturated 69.0 
Butyrie 4:0 8.5 
Caproie 6:0 4.0 
Caprylie 8:0 1.8 
Caprie 10:0 3.0 . 
Laurie 12:0 3.6 
Myristie 14:0 10.5 
Palmitie 16:0 23.5 
Stearie 18:0 10.0 
Odd-numbered 2.5 

1.1 
0.7 

Br~ehed 
Dt r 

Monoene 27.0 
Palmi toleie 16:1 Ôge 1.4 
Oleie 18:1 Â9c 21.0 
Other 5.5 

Diene 2.5 
Linoleic 18:2 ~ 9, 12e 1.8 
Other 

~ 
0.7 

0.8 
0.4 

Polyene 
~ 9, 12, ISe o<-Linolenie 18:3 

Other 0.4 

Keto 0.3 

Hydroxy 0.3 

faHy aleohol . 0.01 

fatty aldehyde 0.02 
[) 

--- ~--

, . 
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2.: ,THE CRYSTAlllZI\TION ~EHAVIOUR O~ B~TTERfAT AND 

SOM[ ASPECTS'Of BUTTERfAT fRACTfONATION 
, ' 

The melti~g and solidification behaviours of butterfat are as comp-
r-

licated and variable as the chemi~l'composition of the fat. Because of 
, 

the broad spectrum of fatty acids'ih butterfa~, a la~ge number of 

different triacylglycer.ols canbe formed; consequently the meltlnC] and 
, , 

crystallization occurs over a wide range of temperature. It 15 normally 

anticipated that butterfat 15 liquid above 400 e and completely 
"\(' 

solidified below -40oe (Brunner, 1974). At intermediate temperatures it 

is a mixture of solid and liquid fats. 

Milkfat has been used traditionally, for the most part, a~ butter, 

which is an important food-fat product in t~e dairy industry. The wlde -~ 
, 

melting range of butterfat, however, limits its usefulness in non-dairy 

food applications which requ~re specifie or" sharp meltlnC] characteristics; 
, "i 

this puts butterfat at a disadvantage when"compared to the wlde range ~f 

specialty vegetable fats and oils which are available to the food-fat 

industry. One way to overcome this limitation lS to modify the chemical 

and physical characteristics of butterfat. Methods which have been 

attempted in this direction in'clude (i) fractionation. of' butterfat into 

~igh-melting and low-melting fractions jde Man, 1961), (ii) Blending of 

butterfat with vegetable ail (for example, in the manufacture of dairy 

blends to improve 'low temperature spreadability) (Amer and Myhr, 1973), 
"-

and (Hi) the incorporationo'of polyunsaturated vegetable ails into the 

Il 

/ 
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diet of the ~ow to increase the degr~e of unsaturation of the milkfat 

. (Scott ~t 'al., 1970). Only the first ffiéthod, fr~ctionation, is 

d~scussed here. . 

fractionation ts a process involving crysta~lization and , & 

1 _ 

separation; the component triglycerides of fats and oils are separated, 

usually as mixtures, by partial crystallization in a liquid phase followed 
" , 1 

'by separatlon of the crystalline fat from the liquid oil (Thomas, 1985). 

It is usually considered that the three following successive stages are 

involved: (i) coolin9 of molten fat to produce nucleation; (ii) growth of 

~rystals to a size and shape that permit efficient separation; and (iii) 

separation or isolation and purification of the resultant solid and liquid 

phases (Thomas, 1985). 

fractionation of butterfat can be made either by crystallization 

of the fat dissolved in an organic solvent such as acetone or alcohol 

(Chen and de Han, 1966; Colombini et al., f979; Larsen and Samuelsson, 

19l~) or by direct coolin9 of the melted fat (de Han, 1968; Black, 1973 
\ 

and 1975; Scheap and Rutten, 1976; de t·1an tfftd FiflÙIO, 1980; Badiogs et 
'il 

al., 1983 e ànd b). AlthQugh.recrystallization frdm solvents yields a 

more distinct separation of the crystallin~ and liquid fractions, the 

latter method is preferred for-food industry applications because of (a) 
. " 

flavour and toxicological problems that mey result From solve~t resi~es; 

(b) the high cast of solvent recovery; ênd (c) the possibilit~ of destruc-

tiQn of desirable aroma components and vitamins. 

An understanding of the nature of triglyceride crystallization is 

important for optimal butterfat fractionation. Accbrding to Mulde~ and 
o 

Walstra (1974), bulk milkfat fontains sufficient catalytic impurities 
q 

v 
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(e.g., monoglycerides) to initiate heterogeneous nucleation with little 

supercooling. Tverdokhleb et al. (1974) stated that a liquid-crystal 

phase is formed in the mel t during cooling after WhlCh. a monocrystalline 

nucleus emerges From the high-melting glycerides. The nucleus has the 
Cl' 

shape oF a spherolite consisting of crystals radlating outward from a 

common center. During the growth of the spherolite, the needle-shaped 
, ' 

crystals which radiate outwards, thicken and take on a feather-like 

h structure characteristlc of a typical spherollte. 

A number of Fac,ors influence the growth of crystals in the liquid 

fat and consequently the shape and ~ize of ,crystals. According to 

Tverdokhleb et al. (1974), the Formation of spherolites in bulk mllkfat 

appears ta be a rhy thmical process due to' the thermal energy (1. e., heat 

bf crystallization) which is emit~~d as cryst~llization proceeds. As heat 

is emitted, the concentration of g1ycerides which are crystallizable under 

the given conditions, decreases. The growth of the spherolite will there-

fore stop temporari1y until a state of equilibrium 15 reached between . 
glycerides which are crystallizing and cryst~~s which are redissolvlng, 

and the heat emi.'tted i5 dissipated. Thls resûlts in crystals which are 

arranged along the outer surface and this gives the spherolite the shape 

of concentric waves. The shape of the crystals which are formed may be 

hexagonal (oc. form), orthorhombic ( fo ' form) or trielinic ( fi form); this 

will de pend on whether they crystallize in the unstable or more stable 

polymorphie forme On rapid cooling of fats, 0(. crystals (the least 

stable form) usually form fir5t (W91drow and de Man, 1968) becéuse of 

their relativfHy simple structure. ~e ~ and ~ \ "crystals form during 

1 ~ 't, 

, 
, " , , 



( 

c 

- 10 -

further crystallization, or directly when cooling i5 slow~r, Polymorphie 

transitions are possible; this implies alteration of the crystal lattice 

structure (solid ~ solid transition), (van Beresteyn, 1972) wlth the 

liquid form as an essential intermediary (Mulder and Walstra, 1974), Thus 

polymorphie transitions are more probable when temperature fluctuations 

occur (e.g., when, heat is emltted"during crystallization). The size pf 

the butterfat crystals depends largely on the conditions whic~ are 

employed during crystallization, in particular the rate of cooling and 

degree of agitation. If molten fat is cooled rapidly, many small crystals 

with a ma~lmum diamete~ of 1 - 2 ~ are formed while slow cooling results 

in the formation of a fewer number but largel crystals with diameters up 

to 40 ~ (?e Man, 1961). Very'low and very high agItation speeds pesult 

in the formation of very fine crystals (Schaap and Rutten, 1976). In the 

absence of stiroring, the' fat crystals which are suspended in 1 iquid oH 

tend to flocculate into a network held together by van der Waalls forces 
'ù -(van den Tempel, 1961). Slow stirring speeds (10 - 50 rpm) have been, , 

shawn by several workers (de Han, 1968; Black, 1975; Schàap and Rutten, 

1976) to result in the formation of large crystals; this is the most 
i 

desirable size for optimal separation of sol id and liquid fractions. When 
> 

crystallization is so far advanced that almost aIl of the remaining liquid 

phase is bound into the network, the mass appears as a ,complete solid and 

the liquid phase cannot be separated (Mulder and Walstra, 1974). 
~ 0 

The composition and physical properties of the fat fractIons which 

are obtained depend on the cooling procedure as weIl as on the efficiency 

of separation. Even under optimal conditions of separation, the crystalli-
~ 

zati~n of butterfat directly f~ liquid fat results in part of the liquid 
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, fat enclosed within the spherolites; this gives rise to a large 

volume/mass ratio with the consequence that a relatively~large amqunt of 

liquid fat' is adsorbed ta the surfaces of the fat crystals (Larsen and 

Samuelsson, 1979). 

ln recent years, butberfat has been fractlonated'on an experl­
• 

mental level by an extraction process which is;based on the use of a 

• liquified gas (C02) or a gas in the supercritical state (Timmen 

l,et aL, 1984; Biernoth and t1erk, 1985). F~actionation by supercritical 

COZ diFfers from Fractionation by crystallization From molten fat ln 

that the triglycerides are se~arated accordlng to thelr molecular welght 

and particularly, by their carbon number, rather than accordlng to the 

degree of saturation of the fatty aCld resldues in the trlglycerldes. The 

production of butterfat fractions which contain primarily short chain 

fatty aClds (C4 to CIO) is of inferest for dietary purposes (Timmen 

et al., 1984). 

,', 
,- l , 

3. SOME GENERAL ASPECTS OF THERMAL 'OXIDATION 

Thermal oxidation of a fat results in the formation of numerous 

degradation products, both volatile and nonvolatile. Numerous investiga-

tions have dealt with the thermal oxidative behaviour of vegetable fats 

and ails; these oils and fats are used in considerable quantities for deep 

fat frying of foods and thus a knowledge of their decomposition i&of 
."':;) 

great praetical and nutritional importance. 

The reaetion pathways which oeeur during thermal oxidation, the 
" 

rates of these reactions, and the produets which areoformed depend on the 

o 



( 

c 

- 12 -

\-.. 

interaction of many fabtors such as degree of unsaturation of the fat, 

time and temperature of heating, frequency of heat treatment (i.e., inter-

mittent or continuous heating), surface to volume ratio, and the presence 

of food, mOlsture, prooxidants or antioxidants in the fat (Perklns, 1976; 

Alexander, 1981'; Gere,_1982). It has a'\so been suggested that the, 

positional distributIon of fatty acids in the trlglycerldes may have an 

influence on the relative rates of ,oxidation of fats (Lau et al., 1982; 

Wada and Koizumi, 198). 

The principal reaction pathways which occur under thermal oxida-

tive conditions are believed to be the same as those which occur under 

autoxldative condItions, I.e., via the formatIon and decomposltlon of 

hydroperoxide intermediates (Nawar, 1985). At elevated temperatures, 

however, hydroperoxlde decomposltlon is extremely rapid, re~ulting ln 

relatively complex decomposition patterns with less predictabllity of 

products as compared to when autoxidative reactlons occur (Nawar, 1985). 

The basic mechanlsms for hydroperoxide formation from unsaturated fatty 

acids under autoxidative conditions, have been reviewed\(Frank~l, 1980; 
~ 

frankel, 1984). ' 

Saturated fatty acids are considerably more stable toward oX1da-

tion than are unsaturated fatty acids. However, when the temperature is 

raised beyond 1500e, saturated fatty acids are subject to oxidative as 
~ 

The thermii _ weIl as thermal degradation (Brodnitz et al., 1968a). 
" 

oxidation of saturated fatty acids is dealt wlth in more detall'in another 

section. 

With unsaturated fatty acids, the predominant thermo1ytic reaction 

products are dimers, higher oligomers and cyclic compounds. When heating 

-------_. --------
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occurs in the presence of air, oxidative reactions become superimpçsed 

resulting in polarity differences.in these materials due to the presence 

of hydroxyl, carbonyl, epoxide, and other oxygen-containing groups as weIL ~ 

as ether and peroxide brIdges (Ottaviani et al., 1979). Unllke the 

polar dimers and CyCllC monomers WhlCh have been shawn to be relatively 

taxie (Ohfugi and Kaneda, 1973~ Iwaoka and Perklns, 1976 and 1978), 

polymeric material of relatively high molecular weight, is not considered 

ta be toxic since It 15 not absorbed by the body (~iehael et al., 1966; 

Nolen et al., 1967; Poling et al., 1970). The formatIon of polymerie 

material is, however-, ,.,important sinee these matJ~I'ials darken the colour" 0rf 
'"" ' 

the oil and inerease J. ts viscoslty. In additlOn, since polyunsaturated 

fatty aClds are preferentially eonsumed ln polymerization reactions 

(Pokorny et al., 1976b), their content in the oil is reduced (Gere, 

1982; Thompson and Aust, 1983). 

4. CHARACTERIZATION OF POLYMERS FROM MODEL SYSTEMS Of 

FATTY ACID ESTERS AND GLYCERIDES 

Separation and characterization of polymerie materials derived 

from heated oils lS diffieult. If one conslders the vanety of fatty 

acids in the oil, their different degrees of unsaturatlon, the varlet y of 

positional arrangements of the triglyeerldes, the nunerous points where 

oxygen may attack the moleeule, and the multiple routes of hydroperox~de 

breakdown, it is obvious that a multitude of ehemical compounds may be 

formed. furthermore, the dynamic nature of chemieal changes that oecur 

'J 
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c· ( 
during thermal oxidation means that any products which are isolated wlll 

generally reflect only the situation at the time of sampling and the study 

is limited ta the compounds most amenable to separation. for these 

ressons, most of the Information about the types of products WhlCh could 

be expected when fats are heated come from studies of pure trig1ycerides 

or fatty acid esters. 

4.1 Dimers 

Dimeric po1ymers have been identified as a major component of the 

nonvo1atile prooucts whith are formed ln thermally oxidized fats. 

Catalysts which are important ln dimerizatlon reactlons, are those which 

generate free radicals such as ultraviolet light, peroxides, and metals 

(Evans et al., 1965). Considerably more information has been obtained 

about the structure of purely thermal polymers (i.e., those WhlCh are 

formed in the absence of oxygen), than po1ymers that are formed under 

oxidative or thermal oxidatlve conditIons. Thermal polymerization 

reactions have been used commercially in the production of dlmerized fatty 

aClds such as those found in drying ails used ln paints and coatings 

(Johnson, 1979). As early as 1929, Scheiber postulated that the isolated 

double bonds of polyunsaturated fatty esters, conJugate prlor tû thelr 
J 

dimerization during polymerization reactions (ZOOOe - 3000 e) ln the 
\ 

absence of oxygen (Johnson, 1979). ln 1933, Kappelmeier proposed a 

Diels-Alder mechamsm to explain the polymerization reactions that take 

place between conjugated esters and non-conJugated esters (Johnson, 1979). 

Whee1er and White (1967) used mass spectrometry to show the pre-

c sence of monocyclic, bicycllC, and tricyclic dimeric structures when 
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methyl Iinoleate was heated (2900C) in an evacuated tube for 48 h. The 

authors proposed that the monocyclic dimer forms as a result of isomeriza-

tion of the non-conjugated ester to the conjugated ester which then dimer­

izes with a second linoleate molecule by a Diels-Alder mechanism. The bi­

cyclic structure was thought to result from a hydrogen transfer free radi­

cal coupllng mechanlsm fo1lowed by rapid intramolecular cyclization; the 

tricycllc dimer was formed from intramolecular alkylation of blcyclic 

structures. 

Other researchers have suggested that the Dlels-Alder mechanism is 

favoured when 1lno1eic acid 1S the substrate but?that a free radical 

mechanlsm 1S most likely operative when oleic aCld 15 degraded thermally. 

According to the latter mechanism, a transfer of a hydrogen radical from 

one molecule to another forms two orgenic radicals that combine to form 

either an acyo1ic dimer 9r a six-membered ring (Johnson, 1979). 

Figure l gives some possible structures of thermal dimers; thie 

figure gives only one of the many isomers that are possible if chain 

Iength, double bond position and the orientation of the hydrocarbon and 

ester chains on the ring are ignored. 

Figge (1971), using radiotracer techniques, studied the mechanism 

and klnetics of formatlon of dimeric fatty acid methyl esters from a 

mixture of methy1 oleate and methyl cis, cis-ilnoleate (14:86 w/w) at 

2800C (vacuum, for 72 h). The author concluded that the formation of 

dimeric fatty acid methyl esters under thermal conditions proceeded 

predominantly between like esters with the methyl oieate and methyl 

1inoleate reacting with each other only to a limited degree. The rate of 
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CHj(CH2) a,CH(e H2), COOH 
1 ., 

CH3(CH2),CH = C(CH2),COOH 

(a) 

COOH 
J 

~);CH2)8 COOH • V CH=CH(CH2 )4 CH3 

(CH2)4 
1 

'~--

COOH, , 
(CH 2)7 

, . 

(bJ. (CH2)7 CO OH 

Fi g. 1. Sorne structures of thermal dimeric acids; 
(a) acycli~ dehydrodimer, (b) monocyclic 
and (c) bicyc1ic. (From Johnson, 1979) 

1 

. / 
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formation of methyl l~noleate - methyl linoleate esters was greater than 

that of methyl oleate-- methyl oleate esters. By the use of silica gel G 

layers' Impregnated with silver nitrate (10%), Figge observed that methyl 

oleate and methyl cis, cis-llnoleate tended towards an isomeri!atlon 

equilibrium with methyl elaidate and an unknown isomer of methyl linoleate 

respectively. Whether CIS or trans lsomers were consumed preferentially 

in the dimerization reactions could not be ascertalned. 

Dime~s prepared by oXldatlon have a greater reiatlve polarity than 
" > 

do thermal dimers due to the presence of hydroxyl, carbonyl, ~nd other 

oxygen containing groups. These polarity differences can be used as a 

basis for differentiating between oxidative 'and thermal dimers (Evans et 

al., 1965). ,When heat is ap~lled durlng oXldation, polymerizatlon re-

actions become very complex, not only through free radical reactlons of 

the decomposing hydroperoxides, but by slmultaneous formation of thermal 

dime~s and through comblnations of different active monomeric materlals, 

many of WhlCh contain oxygen (Evans et al., 1965). 

Fatty aCld hydroperoxldes are effective catalysts for free radical 

polymerizatlon OT they may themselves take part in the polymerlzation re-

action. The temperature of oxidation and the envlronment of peroxide 

breakdown eppear ta be important factors that determine the role of hydro-
, 

peroxides in polymerizatlon reactions and are most likely responsible for 

the diversity of results that are reported in the Ilterature: 

Frankel and his co-workers (1960) noted that when methyl linoleate 

hydroperoxides were decomposed by heating at 210°C for 15 min under 

nitrogen, there was a linear relationship between the concentration of 

1 
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hydroperoxides and the yield of dirners. They eoncluded that only the 

hydroperoxides partieipate in the polymerization reaction; the dimers were 

linked by a C-C bond and eontained 1 mole hydroxyl, 0.5 mole earbonyl, two 

double bonds and perh~ps sorne epoxide or intrarnolecular peroxide pe~ mole 

of dimer. There was no 

ture and they postulated 

evidence to suggest a ~x-~rnbered cyclic strue-; 
/ "'" 

that the hornolytie c~~avage of the hydroperoxy 
1 

group to alkoxy and hydroxy radicals wa~ resp~nsible for the observed re­

actions. These results are ln contrast to those of Wllflamson (1953); 

this author showed that the dimer formed during thermal decomposition of 

methyl linoleate hydroperoxides in the presence of excess methyl linole~te 

(lOOOC, 23 h, under nitrogen), arises From the union of two methyl 

"linoleate molecules joined by a C-C bond. Wlillamson suggested that the 

hydroperoxide acted as an initiator of the free radical reaction. t.. Later, 

Mounts et al. ('1970) who used radioactive tracer techniques showed that 

~fmers were produced from one molecule of methyl linoleate and one mole­

cule of methyl linoleate hydroperoxide. ln this study, a mixture of 

methyl linoleate hydroperoxide (5%) and methyl linoleate was decomposed by 

heating at 2100C (10 min, N2)' The extent of ester-hydroperoxide 

interaction was determined by considering the specifie activities of the 

dimers formed wh en 14C-Iabelled hydroperoxide was decomposed with methyl 

linoleate; unlabelled hydroper~xide was also decompo~ed with 14C-Iabel-

led linoleate. This diversity of results may be due to the different 

temperature conditions and the amount of hydroperoxide relative to methyl 

ester in the reaction mixture. 

Pokorny et al. (1976a) showed that free carboxyl groups of fatty 

acid hydroperoxides aet to increase the rat~ of reaction and thus may 
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themselves participate in the polymerization reaction. These workers 

heated mixtures of butyl~oleate hydroperoxide and paImltic aCld (10:90 or 

50:50 ratio) under nitrogen, at temperatures ranging from 600 C to 

1200~tf- The decomposition 0lf but yI oleate hydroperoxide in palmltic aCld 
, 

followed f irst arder reaction kinetlcs which Ù~ contrary ta the reaction 

of 10% 'but yI oleate hydroperoxlde in butyl palmltate or but yI oleate which 
\ 1 

followed~econd order kinetics. The activation energy of the hyd'roper-
" , 

oxide decomposition wes 70.4 kJ/mole in the medIum of paimitic aCld and 
Q 

remained constant within the temperature range that was studied. The 

proportions of oligomers increased slightly with increasing reactlon 

, temperature and decreased with increasing concentration of hydraperoxide. 

This suggested that the decomposition df hydroperoxides proceeds mainly by 

a monomolecular homolytic cleavage (RODH --~) RD. + .OH). At hlgher 

temperatures, however, the decomposition of hydroperoxides also proceeds 

by the formation of esters with fatty aCld. These compounds can then 

react with other fatty acid molecules to form di-esters and hlgher mole-

, cular mass products as shown in r igure 2. This mechanism would suggest 

the presence of C-O-C bonding betweèn fatty acids in dimeric and trimerlc 

structures formed by this route at temperatures betwèen 60 0 C to 

It is generally believed that dimers Form-under autoxidatlve 

conditions only after consIderable degradation has occurred (Chang and 

Kummerow, 1953), or wh en heat is applied. Miyashlta et aL, (1982) have 

shawn, however, that dimers are formed From methyl linoleate during the 

initial stages of autoxidation (after 24 h at 300e with aeration). 

\ < 
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7'CH-CH=CH- + R-COOH --~)o -CH-CH=CH-
1 1 
OOH O-O-ÇO-R 

'/ H 
1 

-CH-CH-C-
1 1 ~ e 
O-O-CO-R 

@ 

! 
-CH- CH- CH­

'1 ,--~O/ 
O-COR 

DIMERIC 
~ STRUCTURE, 

, 

.. 

+R'-COOH 

-CH-CH-CH-
1 1 1 
Q 0 OH 
1 1 

COR COR' 

TRIMERIC 
STRUCTURE -

Fig. 2. The effect of the free carbOxYl group on the 
decomposition of lipid hydroperoxides. 
(From Pokorny et al., 1976a) 
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Under these conditions, most of the dimers were linked through -C-O-O-C-
-

bonds (peroxide linkages) and contained hydroperoxy and/or carbonyl groups 

,and conjugated dienes. Thus dimers linked through peroxide linkages could 

be characteristic of autoxidized ails. 
'" 

Perkins and Wantland (1973) subjected synthetic I-llnoleyl-2 t 

3-distearin to thermal oxid8~10n (2000C, 24 h in the presence of air). 

They identified bath noncyclic dehydrodimers and Diels-Alder dimers in the 
"1 

polar fraction. 

Chang et al. (1978) used simulated deep-fat frylng conditions in 

their study of the nonvolatile degradatlon products of pure trllinoleln, 

triolein, and tristearln. After the heat -treatment (1850 C, 74 h with 

periodic InJections of steam), trilinolein Ylelded 26.3% non-urea-adduct 

forming (NUAF) esters, triolein yielded 10.8%'and tristearln Ylelded 4.2% 

of the NUAF esters: Further analysis Indlcated that pàlymers were formed 

from al! three triglycerides,.' The polymers were essentlally dimers and 

trimers; only trilinolein, however, yielded a fractIon characterized as a 

cyclic dimer (Tabl~ 4). The study indicated that thermal oxidation of 
li 

tristearin yielded dimers and trimers. There was also a change (0.0 ta 

0.5) in iodine value and this indicated that some dehydrogenation of fatty 

acids occurred.' 
'<l 

. " , 

o 
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Table 4. Estimated Composition o~ Oxidized,and Polymerized Materials 

f~med During Simulated Deep fat frying et 1850C for 74 h 
(Chang et al., 1978) _. 

Structure Trilinolein Triolein Tristearin 
('%) ., 

(~) (~) "'. 

Cyclic dimers joined by 4.90 0.00 0.00 
C-C bonds ~ 

1 ., 
Non-cyclic dlmers joined " 2.80 3.40 0.70 
by C-C bonds 

Trimers joined by two "- 8.4Q 0.30 0.36 
C-C bonds 

Oimers or trimers joined 4.90 6.20 1.20 
wholly or partly by C-O, 
linkages " 

0 tb ~ 

Although most s,tudies have concentrated on the degradation of long 

chain unsaturated acids, a few reports have been published on the thermal 

oxidation of short cha~n mono-unsaturated acids; interest in these acids 

stems from their potential importance as int~rmediate products in frying 

oils which themselves can undergo further degradat,ion. Whitlack and Nawar 

(1976 a and b) presented some evidence for the presence o~ C-C'~inked 

dehydro~imers in the nonvola~ile'fraction obtained from ethyl 3-hexenoate, 

methyl 3-hexenoate, methyl 2-hexenoate, 3-hexenoic acid and J-octenclic 

acid that had been subjected ta thermal oxidation (150 0 C, 6 h, with 

aeration). The authors used a capillary column (152 m X 0.4 mm carbowax 

2OH) and were able to partially separate the dimer fraction into three 

i> 
\ 

\"J 
\) 
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peaks, which u were" believed to be isom~rs of the same structure. The epoxy 

esters were another important 'group of compounds which was isolated only 

when the esters were degraded. The fact that they are very react iVe and 

decompose readily, explains th~ir abs~ncè among the products formed From 

the free acids. ) 
u 

Gilbert et al. ~(19a~) demonstrated that epoxides also take part 

in dimerization reaetions. The authors conf irmed that dlmeric epoxy pat ty 

acid methyl esters were Formed when epoxy acid methyl ester~ wer~eâted 

(l70oC for 5 h under N2). In each experiment, the mass spectra \,_ " 

suggested.a mixture of Four positional isomers, each contalning an ether 

bridge linking a pair of fatty aCld methyl esters across the carbon 

chains, with a keto group on a carbon adjacent to the bridge on one of the 

esters (Figure 3). 

4.2 Cyclic Monomers 
\ 

Cyclic monomers are an important class of nonvolatile thermal 

oxidation products because of their potential toxicity (lwaoka and ... , 

Perkins, 1976 and 1978). Among the man"'y cyc1tc monJ.)fllers WhiCh have been 

is01ated from heated fats, the most common are the 18-ca;bon disubstituted 
lb 

cyclie fatty acids which have the general structure shown in Figure 4. A 

possible mechanism for the formation of this cyclic monomer from linolenic 

acid (Gente and Guillaumin, 1977) is given in Figure 5. 

Michael (1966a) gave information on the isolation and charecteriza­

tion of aromàtic cyelic monomers which were formed when methyl linoleate 

was hedfed (2000C, 200 h) in the presence of air. The aromatic products 
() 
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Fig. 3. Sorne possible isomeric structures for 
dimers formed by heating methyl 9, 10-
epoxyoctadecanoate. (From Gilbert et al., 1981) 
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Fig. 4. A general structure for l8-carbon 
disubstituted fatty acids. 
(From Gente and Guillaumin, 1977) 
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Fig. 5. A mechanism for the isomerization, cyclization and 
aromatization of 1inolenic acid. (From Gente and 
Gui11 aumi n, 1977) 
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were shown to be mett'lyl esters of W (o-alkylpheny1) alkanoic acids 

containing 18 carbons. A possible mechanism for the formation of these 
<1 

aromatlc cyclic esters (figure 6) involves abstractlon of hydrogen at 

ally}ic positions and lntramolecular free radical to double bond addition. 

Michael (1966b) proposed the structure shown in Flg~re 7 for a C18 
'\\.", 

nonaromatic CyCllC monomer formed from methyl linoleate. A single 

mechanism to describe the formation of this compound has not been estab-

lished; Michael, however, suggested a free radical allyllc proton extrac-

tion, randomizatlon of double bonds, and ring closure. 
" 

The formatio~-: of cyclic monomers From methyl oleate has not been 

reported (Paulose and Chang, 1978; lercker et ~l., 1978). This might 

suggest that cyclic monome~ are characteristic of dienoic and trienoic 

fatty acids only. 

o 

5. CHARACTERIZATION Of POLYMERS FROM THERMALLY OXIOIZED OilS 

Naudet (1977) gave a quantitatlve estimate of the amounts of the 

various nonvolatile degradation products in thermally oXldlzed palm, 

peanut, soya, and sunflowerseed 011s, although the heatlng conditions were 

nat reported. Table 5 summarlzes the results of this experiment. 

. ',bJ': 

+. 
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\ 
H H 
1 1 

CH3-(CH 2)3- C -CH =CH --; CH2 - CH =CH - C - (CH 2)6 -C0 2 CH3 
1 . 1 

Fi g. 6. A possible mechanism for the formation of aromatic C-18 
esters from methyl linoleate .. (From>~ichael, 1966a) 
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A nonaromatic cyc1ic monomer, where n .... 2-5, 
, m=5-8 and n+m=10. The position of the 

double bond in the ring has' not been defined. 
(From Michael, 1966b) 
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Table 5. Concentration (%) of Thermo-Oxidative Degradation Products 
in four Oils (Naudet t 1977) . 

Structure Oil 
Palm Peanut Soya Sunflower 

Cyclic aeids 0.15 0.15 0.20 0.15 

Dimers 0.60 0.80 1.60 1.60 

Estolides 0.40 0.80 0.30 0.40 

Dimers (ether) 0.90 1.60 1. 70 2.60 

Oxymonomers 1.40 2.80 1.80 1. 70 

Oxypolymers 0.70 1.10 1.30 1. 70 

Ottaviani et al., (1979) and Naudet (1977) characterized the nonvolatile 

products which were formed in soybean oil ~hîeh had been heated (2200 C) 

in air for 30 min per day over 14 days. The methyl esters of the 

saponifiable products were separated into five fractions and eharacterized 

as follows: (i) nonpolar (85% to 95% of the total esters), lneluding 

normal aeids and small quantities of cyelic (saturated and unsaturated) 

aromatic acids; (ii) very slightly polar, including malnly dlmers (eycllc 

and noncyclic) with C-C bonding, and estolides (figure 8); (iii) slightly 

polar, ineluding a complex mixture of monomers, dimers, and limited 

amounts of trimers and tetramers, aIl wit~ the common charaeteristie of an 

ether bridge (figure 9); (iv,) very polar (normal moletular weight), 

ineluding oxyacids and from monomers to tetramers containing hydroxyl, 

carbonyl, epoxide and peroxide functions, isolated or associated; (v) very 

polar (elevated molecular weight), including primarily oxypolymers with 

C-C, ether, peroxide, and epoxide bonding. 
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CH3-(CH2)4 -CH- CH=CH -CH= CH-(CH2),COOCH3 

~ 
CH3-(CH2)4 -CH= CH-CH- CH= CH-(CH2)7COOCH3 . 

... 
(a) 

CH3-(CH2)6- CH- CH=CH-(CH2),COOCH3 
1 
o 
1 

O=C-(C H2 J,-CH = CH- CH 2- CH = CH - l,CH 2 )4CH3 

(b) 
" 

(e) 

. , 
Fig. 8. Non-cyclic (a). esto1ide (b) and cyctic {cl dîmer structures. 

(From Ottaviani et al., 1979) . 



" 

L~:", , . \ . . """ 

" , 

/ 

o 

, ' 

- 32 -) 

CH3""'(CH2)4 -rH-CH=CH-CH=,CH- (CH2}7COOG,~3 

o 
J 

CH3 -(CH2'4 -CH-CH=CH-CH=CH- (CH2)7COOCH~ 
, l ' ) 

(a) 

( 

, c 

C H3 - '( C H 2' 4 - C H - CH - CH 2 - CH = CH - (C H 2) 7- C 60 C fi 3 
/ ' , 

.~ • , 1 

j e' 0 - , ,i ./ 
'\. " , "-<Y 

CH 3 -(CH2)4 -CH": CH-CH2-CH =èH-(CH 2)7-COOCH3 

lb) 

, " . 
<1 

Fig. 9. Dimer structure with an ether br,idge (a) and, a 
tetrahydrofuran cycl ic dîmer (b). (From' ' 
Ottaviani et al., 1979) 0 " 
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Gente and Guillaumin (1977) found that the amount of cyclic 

monomers formed in heated oils depended on the linolenic acid content, 

temperature, and atmospheric conditions. Heated ails (2400 C, 10 h in 

air) WhlCh were low in linolenic acid (less than 20%) contained 0.2 - 0.3$ 

cyc1ic monomer3. ',When the o11s were heated at 27S oC under nitrogen, the. 

amount of cyclic monomers increased substantlally. Llnseed 011 (llnolenlC 

acid content of 55.2%) contained 0.9% cyclic monomers when It was heated 

at 220°C in air for 20 h, 1.4% cyclic monomers when it was heated at 

2400C in air for 10 h, and 4.951% CyCllC monomers when it was heated at 

2750C under N2 for l~ ,h. Meltzer et al. (1981) detected cycllc 

acids (0.3% to 0.6%) in heated (195°C For 52 - 104 ,h) soybean 011 under 

both c9ntinuous and intermIttent heating conditIons. fresh oils~ prior to 

heating, have been shown to contaln very small am~unts of cyclic monomers 

(0.1% té 0.2$), probably as a result of previous processlng and reflnement 

(Guillaumin et al., 1977). In a recent study by F rankel et al. 

(1984), vegetable fat and oil sampI'es From food outlets ln bath the United 

States and the Middle East (Israel and Egypt) were analyzed for their 

content of cyclic fatty acid monomers. The sampi es from the USA contained 

from 0.1% to 0.5% cyclic monomers and From 1% to 8$ polar plus noneluted 

~erials; the samples from Israel and Egypt had values for Cycllc 

lonomers ranging From 0.2% ta 0.7% and polar materials ranging From 2% to 

22%. 
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6. THERMAL OXIOATION Of SATURATED fATTY ACIOS 

Saturated fa~ty ~cids or their esters are relatively stable to 
C:i" 

oxidation et low temperatures (less then 600C). As the temperature is 

increased to ISOoC, oxidation occurs but at a slower rate than with 
____ t _ '1 

unsaturated fatty acids (Brodnitz et al., 1968a). Consequently, thermal 

oxidation of saturated fatty acids has not been studied asvextensively as 

have the mono and polyunsaturated fatty acids. The papers which have 

eppeared in the literatûr~.have reported mainly on the volatile ~-

degradation products. 

Chang et al. (1978) pr"ovided sorne evidence for the presence of' 

polymeric compounds in pure systems of saturated fatty acids which were 

subjected to thermal oxidation. The euthors reported that noncyclic 

dimers which oontained C-C bonds (0.70%), dimers and trimers which con-

tained C-O linkages (1.2%), and trimers which contained C-C linkages 

(O.36~), were formed when tristearin was heated under simulated deep fat 

frying conditions (18S0 C, 75 h, periodic injections of steam). 

It has been suggested that the introduction of unsaturation into 

the saturated fatty acid molecule by dehydrogenation is the first step in" 

the thermal oxidative deterioration of saturated fatty acids (Ramanathan 

et al., 1959; [ndres et al., 1962; Chang et al., 1978). This was 

evidenced by an increase in iOdine value and evolution of hydrogen during 

thermal oxidation. Subsequent attack by oxygen at the double bond, 

format,ion of hydroperoxides and decomposition i5 be1ieved to follow thew~ 

sam~ route as it does with monounsaturated acids • 

.. 
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Crossley et al. (1962) and Endres et al. (1962) reported that 

the major oxidative products of saturated triglycerides include a . 

homo1ogous series of carbo~ylic acids, methyl ketones and alkanals. Se1ke 

et al. (1975) added alkanes, alkenes, alcohols and gammalactones ta this 

list. 

'. There is a difference of opinion among different investlglil,tors as 

tb the pveferential position of oxygen attack. Although oxygen attack can 
'" 

océUr at aIl of the methy1ene groups of the fatty acid, several workers 

have suggested that oxidatlon occurs preferentlally at the positions where 

the fatty acids are linked to the glycerol bac~bone (Crossley et al., 

1962; Endres et al., 1962; Jew~ll and Nawar, 1980) Slnce the dominant 

oxidative products had chain len9ths near or equal ta the parent fatty 

acids. Conversely, Brodnitz et al. (1966 a and b) and Selke et al. 

(1975) suggested that oxygen attack toward.the center of the molecu1e was 

favoured. Ramanathan et al. (1959) observed that methxl stearate waB 

more susceptible to oxygen attack than was ~ethyl laurate. This suggests 

that the chain length of saturated fatty acids influences their susceptl-

bility to oxidation • .. 
Endres et al. (1962) showed that hydrolysis of the ester li~k in 

the triglyceride mo1ecule occurs during thermal oxidstion of saturated 

fatty acids; t~is may be fàllowed by oxygen attack on the products of) 

hydrolysis as show~.above. Noble et al. (1967) noted a trend towards _' 

selectivity of hydrolysis in favour of~the shorter chain and unsaturated 
1 

acids • 

~~~------~------------~-------------------------
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Witchwoot et al. (1981) noted that when trilaurin, tricaprin or 

trimyristin were heated in the presence of et~~l linoleate, the volatile 

degredation products cantained no ~alatiles which could De ascribed ta the 

saturated triglycerides. A similar observation was made by Selke et al. 

(1980) when mixtures of tristearin and trillnolein were thermallv oxidl-

zed. These results suggest that unsaturated fatty acids inhlbit the oxida-

tian of saturated chains; this could be because free radicals are more 
1 

likely ta abstract hydragen preferentially from the pentadiene sy~tem of 

linaleate. This inhibition by linoleate cauld be limited~a axidative 

degra~etlan as noted by CrnJar et al. (1981) who reported that the 
, U 
presenèe of unsaturation did not have a marked 'influence on nonoxidative 

reactions of the saturated system. Selke et al. (1977) also reported a 
~, 

difference between polyunseturatian and monaunseturation. When tristeerin 

wes heated with triolein, decompasition products of stearat~ were 

det-ected. 

-
, ' 

\ ' 

\ 
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CHA PTE R III 

PHYSICAL AND CHEMICAL CHARACTERISTICS Of BUTTERfAT 

FRACTIONS OBTAINED BY CRYSTALUZATlON FROM MOLTEN fAT 

1. INTRODUCTION 
." 

Among aIl of the naturally occurring fats, butterfat is ~he most 

varied in its chemical and physlcal characterlstics. Patton and Jensen 

(1975) listed the presence of 437 dlfferent fatty acids in butterfat; they 

comprised normal, ISO and anteiso mon~branched and multibranched 
Il 

saturates, cis- and trans-monoenes, dienes, polyenes, keto, hydroxy and 
, 

cyclic fatty acids. Because of this great variety of fatty acids, a large 

number of different trlglycerides can be formed; consequently, the melting 

and crystalli~.ation of butterfat occurs ç:lVer 'a wide temperature range. 

The unique character of butterfat, however, can be considered ta be a 

shortcoming when compared to the wide range of specialty vegetable fats 

and oils which are available to the food-fat industry. One way to 

over-come this shortcoming is ta modify the butterfat by fractionation to 

produce products which differ markedly From one another in chemical and~ 

physical characteristics and which are sUltable for use in specifie fOO~­
industries. Proposed food applications for butterfat fractions have 

included the following: Ci)' the incorporat ion of a low-mel ting fraction 

into milk powder to improve reconstitutibi1ity (Baker et al., 1959; 

Schaap and Van Beresteyn, 1972); (ii) the use of 1ow-melting fractions ta 

.. 37 -
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make normal butter softer (Mc:Gillivray, 1972; Larsen and Samuelsson, 

1979); (Hi) the use of high-melting fractions as shortenings for puff 

pastry and french ro11s (Sehaap and Kim, 1981); and (iv) the substitution 

of eocoa but ter in confectionary products by high-melting fractions of 

butterfat (McGilhvray, 1972). 

Fraetionation of but terfat ean be made ei ther by cl'ystallization 

of the fat dissolved in an organic solvent such as acetone or a1coho1 

(Chen and de Man, 1966; Colombini et al., 1979; talrsen and Samuelsson, 

1979) or by direct cooling of the melted fat folloWe~ b~ separation of 
\_/ 

crystalline matter from the 1 iquid ail by filtration or centrifugation 

the 

(de Man, 1968; Black, 1973 and 1975; Schaap and Rutten, 1976; de Man and 

Finoro, 1980; Badings et al., 1983 a and b). Although reerystallization 

from solvents yields a more distinct separation between crystalline and 

liquid fractions, the latter method is preferred for food industry 

applications because of (a) flavour and toxicologiea1 proble!11s that may 

result from solvent residues; (b) the high cost of solv~nt recovel'y, and 
\ 

(c) the possibility of destruction of desirable aroma components and 

vitamins. The main technologieal problem in the fractionation of 

butterfat without the use of solvents has been the separation of the 

crystals from the liquid fraction. The cooling temperature arld the rate 

of crystallization strongly influence the composition, quantlty and size 

of the fat crystals. Severa1 investigators (de Man, 1968; Black, 1975; 

Schaap and Rutten, 1976) have shown that large crystals which are obtained 

by a slow cooling rate and with slow agitation are more easily filtered • 

The products which were obtained in experiments involviny butter-

fat fractionation using molten fat have been characterized (de Man and 
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finoro, 1980; Badings et ,aL, 1983 a and b). The procedures which we.re 

used, however, would be impractical on an industIial scale. This study 

was unde.rtaken to character Ize but terfat fract ions which were obtained in 

the laboratory using a procedure which closely resembles tnat used in the 

Tirt~~ux industrial fractionation process (S.A. fractionnement Tirtiaux, 

Belgium). The Tirtiaux proc;ess is based on a slow controlled cooling of 

the oil, a short stabilization time at the fractionation temperature 

followed by separation of the crystals on a continuous vacuum f ilter 

equipped with a stainless steel perfdrated belt as the filtration support 

(Tirtiaux, 1983). fharacterization of the chemlcal and physical 

properties of fractions obtained by this procedure shoùld Bid in def ining 

possible uses of these fractions in the food industry. 

Bath summer and winter but terfats have been fractionated. The 

resul ts of analyses (faUy acid and triglyceride analyses, thermal ~xamina-

tions by differential scanning calorimetry, melting point, iodine value 

and peroxide value) of the various Jractions are reported in this chapter. 

The thermal oxidative stability of these fractions. in comparison ta those 

of selected vegetable ails will be reported in suBsequent chapters. 

2. EXPERlt-fNTAl 

2.1 Anhydrous Butterfat 
" 

Anhydrous butterfat was prepared From Fresh butter (COOP~ 
,Agricole de ,la Cote Sud, Quebec) by melting the butter at 60OC, removing 
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.,' . 
the top oil layer, filtering \he oil through glass wool and drying the 

resulting product over anhydrous sodium sulfate. The oil was thèn 

refiltered (vacuum, Whatman 41 paper), flushed with nitrogen and stored' at 

-20oC until it was fractionated. 

2.2 fractionation Procedure 

Anhydrous but terfat was fractionated acrt)rding to a standardiz~d 

batch procedure at 29, 26, 23 and 19°C for winter (January) butterfat 

and 29 and 19°C for summer (September) butterfat. Preliminary experi-

ments lndicated that at temperatures above 29 0 C, the;.Ylelds of solid fat 

were very small; hence, the products were not used in the present study . 

Below 190 C for winter butterfat and 170 C for summer butterfat, the 

solid fraction was massive and the liquid fraction could not be separated 

readily. 

The crystallizatlon equlpment conslsted of a Hobart mixer equipped 

wi th a flat beater attachment and a bowl (12 l capacity) which was 

modified to include a water jacket. Temperature control of the bowl was ' 

accomplished by uSlng a Haake Dl clrculatwg, water bath' and an El< 12 

cooling unit. Both the bowl and the but terf at were preheated to 60°C 

and then 1.5 l of the molten butterfat was transferred to the bowl. As 

soon as the oil was added, the cooling unit was turned on and the 

temperature control of the circu1ating water bath was adJusted to 2-30 C 

below the, fractionation temperature. The oil was cooled slowly. ta the 
\' 

fractionation temperature wlth continuous agitation (20 l'pm). The length 

of the coollng period varied depending on the final fractionation' 

1,:. 



o 

o 

- 41 -

temperature, the proportion of cry,stall izable fat and the heat of 

crystallization. After 4 hours of total coolin!) and heating time, the 

solid crystals were separated from the liquid 011 by filtration (14 mesh 

stainless steel filter; Tirtlaux, Belgium) using vacuum (50-100 mbar below 

'atmospheric pressure). The solid and liquid fractIons were weighed and 

the percentage yield of each fractIon wes calculated. The fractlonation 

procedure was repllcated three times at each temperature. 

2.3 Fatty Acid Analysls 

The fatty acid compositIon of each fraction was determined after 

conversion of the fatty acids into the corresponding methyl esters by a 

modificatIon of th'e method of Christopherson and Glass (1969). A portion 

of the anhydrous l1pid sample (200 mg) was placed in a vIal (7 ml), and 

petroleum ether (2 ml) was added to dissolve the semple. Sodium methoxlde 

solution (O. J ml; 2 N NëOCH3 ln anhydrous methanol) was added, and the 

contents of the "vial were mixed (l min) using a vortex mIXer. After 

sedimentation of the sodium glycerolate, a portion of the clear 

supernatant was dissolved, in hexane (1 part supernatant ta 100 parts 
o 

hexane) . An a liquot (0.2 J.JI) of Jhe hexane solutlon was InJected l nto a 

fused silica capillary column (30 m x 0.32 mm ID) coated wlth SP-2340 

'(Supelco Lnc., Canada) (0.2 J-lm). The column was placed into a Vanan 3700 

gas chromatograph equlpped wlth .a flame ionlZation detector and a cold 

on-column in je ct or. The aven temperature was pragrammed from SODC ta 

1600C (SoC/min) after al-min hold at 50°C. The carrier gas (hehum) 
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flow rate was 1.5 ml/min. The injector temperature was programmed from 

700C to 2000C (lOOoC/min), and the detector temperature was 

maintained at 2l0oC. Correction factors were determined by analysis of 

a standard mixture of fatty acid methyl esters (Nu Chek Prep, Elysian, 

Minnesota) having a composition which resembled that of an average '. 
butterfat sample. 

2.4 lriglyceride Analysis 

The triglyceride compositIon was determined by dissolving 

approximately 15 mg of the anhydrous butterfat or butterfat fraction in 6 

ml of hexane and injecting an aUquot (0.2 J.ll) lnto a bonded phase fused 

silica capillary column (D8-5, 0.1 J-Im; 15 m x 0.32 mm ID; J&W SClentlfic 

lnc., Rancho Cordova, California). The same gas chromatograph was used 

as for fatty acid analyses. The oven temperature was programmed in two 

stages as follows: first, from 500C to 2400C at a rate of 25°C/min, 

and then from 240°C to J5DoC at a rate of 3°C/min. The InJector 

temperature was programmed From 700 C to 330°C (IODoC/mln), and the 

detector temperatu1ge was maintained at J50oC. The carrIer gas was 

helium (1.5 ml/min). Identification of the major groups, of triglycerides 

according to carbon number was made by comparison of retention times to 

those of standard mixtures of simple trlglycerides from C18 to C54 (Nu 

Chek Prep!' Elysian, Minnesota]. 



- 43 -

2,5 DifferentiaI Scanning Calorimetry (OSC) 

Crystallization and meltlng curves were recorded using a heat flow 

differential scanning calorimeter (Mettler TA 3000, Mettler Instrument 

Ltd., Switzerland), calibrated with Indium. A sample (20-30 mg) of fat 

was placed in an aluminum crucible; ~he crucible was covered with a 

pierced lid and sealed. The measuring cell was purged with nitrogen gas 

(50 ml/min) during the analysis. The samples were treated as follows: 

Ci) heatlng at BOoe for 10 min to destroy the structure that was 

assoclated with the'previous thermal history; (ii) crystaillzation over 
'" 

the temperature range sooe to -40oe (rate of cooling, looe/min, 

,using liquid air); (iii) fusion of the crystals formed by heating over the 

temperature range -40oe to BOoe (rate of heating, IOoe/min). The , 

relative percent ages of liquid fat as a function of temp~rature were 

determined by integrotion of the DSe melting curve of the fat sample uSlng 

a Mettler TC 10 data processor. 

2.6 Iodine Value 

lodine values were determined by the Cd 1-25 method of the 
lJ 

American Oil Chemists' Society (AOeS, 1980). The tïtrations were 

performed by the use of a Mettler DL 40 RC Memo Titretor (Mettler 

Instrument Ltd., Switzerland). 

'.' 
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2.7 Me lt ing ,Po {n't 

. Melting points were determined by the Cc 1-25 met,hod of the 

American Oil Chemlsts' Society (AOeS, 1980). 

, ' 

, ' 2.8 Peroxidé Value 
.-

Peroxide values were determined by the Cd 8-53 method of the 

IJ American Oil Chemists' Society (AOeS, 1980). 

) • a 

2.9 Statistical Analysis 
r_, : 

o 
Analyses of variance were performed on the me an values (3 

" replications x 2 duplicates) of the, following: maJor qroupings of f~;ty 

eClds; iodine value data; melting pOlnt data and percentage liquid 

fraction data. Where significant differences were noted" Duncan's 

Multiple Range test wes used to determine which samples were sigmficantly 

different. The analyses were performed us1ng' the McGill Unlversity System 

- for Interactive Computing (MUSIC) and the Statisticel Analysls System 

(SAS). 
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3. RESULTS AND DISCUSSION 

o 

3.1 Yield of Solid Fractions and Percen~age of Liquid Oil in the 

fractions 

, 0 

Table 6 shows the results,of two experiments (three replic,ations) 

in which fat obtalned from butter produced (a) during the winter months 

and (b) during the summer months was fractionated. The WIn tel' but terfat . 

was fractlOhated at 29, 26, 23 and 19°C to ,obta!n a solid (5) and liquid 

~l) fractlon at each tempe rature ; sum!'ler butterfat was frachonated at 29 

and 190 C. The laI'gest var iahons ln yield of solid between replicate 

runs were observed for the 290C'wlnter and summer fractIons and the 

23 0 C wlnter fractions. These dlfferences could be related to 

differences,in the amounts of liquid oi1 in the SOlld ,frachons (Table 6). 

The percentage of liquid oil in the sohd and liqUld fractlOns was 

determined by differential scanning calorlmetry (DSe). The values [or the 
, 

solid fractions ranged from 38.2% to 52.3% for the fat from WIn ter but tel' 
r 

and from 36.2% to 48.8% for the fat from summer butter (Table 6). Results 

from the corresponding liquid fractions showed that they contained a~p.rox 1-

mately 2-6% of solid contaminants (Table 6). These could arIse from 
,,' 

resolubihzation of sO~ld crystals during the filtratlOn step WhlCh was 

conducted ah room temperature. Badings et al. (1983 a and b) measured 
o 

the percent age of liquid ail in solid fract~ons obtained by stepwlse 
,4!? 

crystallization of melted butteIèfat. They reported values ranging from 

63.4% to 83.8% based on the distribution of caratene b'etween the cake and 

the fIltrate. 
',' o 
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Table 6. Results of Butterfat fractionation By Cooling liquid fat. 

ReplTc8flonr- Replication 2 Replication 3 
'" 

Conip~Sition2 
, . Composition-fractionation 

fraction l 
temperature Yield (~) (~ liquid' Yield (~) (~ liquid Yield (%) 

(OC) 0 sol id fraction in fraction) sSlid'fraction in fraction}' 'solid fraction p 

Fat From winter butter 
5-29 29 16.2 38.2 22.0 44.4 23.7 
L-29 ,y. 29 95.5 97.5 
5-26 26 J4~3 46:4 ~37 .. 4 50.9 36.9 
L-26 26- 96.3 96.8 
5-23 23" 60.0 ·52.3 55.9,- 51.9 52.2 
L-23 23 97.8 98.0 . - "" 
5-:-19 19 62.6 '. 48:8 60.8 47.8~ 61.7 
L-19 19 .. 95.0 ;.. 95.0 .;.. 

fat frQm summer butter 
5-29 29 " 16.1 -41.6 13.6 36.2 15.0 -. 
L-29 29 96.2 96.8 
5-19 19 53.9 48.8 _ 53.9 48.4 53'.4 
l-19 19 95.4 ' 93.6 

1 fraction designation indicates physical state (solid, liqu!d) and fractionation temperature. 
2 The % liquid in fracti~n was determined by Differential Scann~ng Ca16rimetry o(DSC). 

C~mposition 

(% liqu{d 
in fraction 

49.2 
97.2 
50.0 

" 96.2 
50.2 
97.7 
47.7 
93.2 

, 41.6 
96.6 
48.4 
9J~B 

_5 
-r, 

~ 
0\ 



o 

• 

q 

47 

3.2 . Chemical Composition of Fractions 
-. 

Table 7 shows that the iodine values varied from 24.70 to 33.07 

,for the win ter fractions and from 29.18 to 37.67 for the summer 

°fractions. This variation was greater than the variat'ion ln iodlne value 
'";\ 

of the whole fats from winter and summer butter (30.26 and 3'.78 

respectivelyJ. With the exceptIon of fractions 5-19 and 5-23 (fat tram 

winter butter), the differences in iodine value between the various 

fraCtiOn~s. '~nd the whole butterfat from each season were slgnificant 

(p<0.05). , 

_._ ~-- he peroxide values of the whole butterfa,t and the hquid frac-

tions obtained from this fat were measured to evaluate the effect of the 

various processing steps (separation of butterfat from butter, storage, 
, 

re-melting, crystallization and fil~ration) on the oXldative stability of 

the fractions. In ail instances, the peroxide values were found to be 0.0 

meq 02/k9 fat. 

The fatty acid compositions of the whole fats (winter and summer) 

and their corresponding fractions are summarlzed in Tables 8, 9, 10 and 

Il. For simplicity of presentation and statisticai analyses, the fatty 

acids (about 40) which were determlned have been grouped according to 

similarities in melting behaviour. Unidentifled peaks were combined in 

the "o~her" category. lt is notewort hy to mention that the procedure used 

for faUy acid composition allowed for the determinaÜon of sorne 

positi~nal and geometric isomers of un~aturoted 

particular, elaidic acid and both cis and,trans 

identified. ! 

" 

fatty acids; in ,/\ 

vac~enic acid we~ 

'" 
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Table 7. lodine Values of Whole Butterfat and Butterfat fractions. \ 
1 _ 

Iodine Value 

Experiment 1 . Experiment 2 " 
fraction (fat from winter butter) 1 (fat From summer butter)1 

5-29 24.70h (:t0•95 ) 29.18e (.t0 • 33 ) 

5-26 \ 26.709 (:t0.3S) 

5-23 '- - 27. 7a f (:t0.25) 

5-19 27.94 f (.:t0• 37) 32.80d (.:!:D.IS) 

Whole butterfat 30.26e 35.78c 

l-29 3I.44d (:t0•06 ) • b ' ·36.13 (.t'O. 09) <0 

r 

l-26 3I.9Sc (:t0•05 ) \' -
l-23 32.70b (.:t0•12) -
l-l9' 33.07a (.:t0•24 ) 37.67a (+0.02) 

1 fractionation experiments wére performed in triplicate at each temper­
ature; the anèlysis of each sample was performed in duplicate. Means in 
each column with different' letter superscripts are significantly different 
st the 5~ probability levaI. The deviation is the average deviation From 
the meso of three replicate fractions, analyzed in duplica'te. 

- .. --~-
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From the statistical analyses which were performed on the fatty 

acid data (winter fractions; Tables 8 and 9), it wi 11 be noted that' with 

the short "chain saturates, medium chain saturates, -long chain Sliturates 
\ r 

and cis unsa~urates, t~e 29 and 190 C f\acti"ons (with the exception of' 

fraction L-29 vs whole butterfat) are significantly different (p<0.05) 

from each other and From the whole butterfat. This was not necessarUy: 

true for the 26 and 230 C fracfians. ln aIl categories, the 5- and L-23 

fractions were not slgnificantly different (p<O.OS) From the 5- and L-19 
1 • • 

fractions, respectively. Similarly, the L-26 fractions were not 

significantly different from the L-29 fractions. 

It will be noted From the results obtained with the fractions of 
" 

summer butterfat (Tables 10 and 11) t~~ the 29 and 190~1'rèctions were 

signific~mtly different (p<O:OS) From ~ach other and from the whole 
~ 

butterfat with respect to short'chain saturates, long chain satura tes and 

cis unsaturates. 
"1 1. 

ln general, the short chaIn saturated fatty acids' (C4:0 to CIO:O) 

were found in greaber amounts in the liquid fractions, and the long chain 

saturate,d fatty acids (CI4:l to C20:0) were found in greater amounts in 
, 

the solid fractions. The cis unsaturated fatty acids (CIO:l to C18:}) 

followed the same trend as the short chain saturated' fatty acids. This 

reflected the similarities-in,melting behaviour of ~hese two groups of 

fatty acids. As the fractionation()temperature decreased, the concentra-

tion of short chain saturated fatty acids and cis unsaturated fatty 

~ acids in the liquid fractions increased. The trans 18:1 isomer, how-

ever; showea the reverse tendency. The trans 18:1 fatty acids, as a 

o , 

" 

r' 
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Table O. fatty Acld Composition o~ Winter' Butterfat and 501id Butterfat fractions. 

---->-' 

Methy] esters (Wt ~)l 

Whole winter 
Tatty acids 5-29 5-26 5-23 5-19 butterfat 

.. 
Short chain, saturated 10.4Qd 1l.47c ' 12.0ab 12.17b 12.978 

(C4:0 to CIO:O) 
17.27a ,b 17. 24a ,.b' 17.0Jb,c Medium ch8in,osatur8t~d 17.528 <16.86c 

(C12:0 ta C15:(}) 
44.83b 40.65d long chain, saturated 47.38a 43.53c 42~9~c . 

(C16:0 to C20:0) 
20.43d 22.93b 23.10b 

, 

cis, unsaturated 21.96c 24.928 ., 
(CIO:l ta C18:3) (Ç- • 

trans, unsaturated 1.46a 1.43a 1.47a 1.55a 1.55-8 
(Cla: 1) 1 

Other 2.018 3.048- 2.748 J.Bà 
• 0 

3.048 

trans 18:1 x 100 8.658 7.97a ,b 7.81a ,b 8.14a ,b 7.58b 
Total 18:1 

l~fractiônation experiments were performed in t~iplicate at each temperature, the analysis of 
each sample was performed in dup1icate. Means in each row with different letter superscripts 

-are significantly different at the 5~ probability level. 
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- Table 9. fatty Acid Composition of Winter Butterfat and liquid Butterfat fractio~s. 
-- <-' , 

Meth~l esters (Wt %)1 
Whole winter 

ratty acids butj:erfat l-29 l-26 L-23 l-19 

Short chain, saturated 12.97d 13.34c ,d lJ.77b ,C 14.298 ,b 14.848 

(C4:0 to CIO:O) (\ 

16.23b,c Medium chain, saturated 16.8,a 16.49b 16.46b 16.09c { 
(C12:0 to C15:0) 

~ • 
36.69d Long chain, ssturated 40.658 38.89b 38.49b 37.S0c 

(C16:0 to C20:0) 
cis, unsatursted 24.92d 26.50c - 26.89b 27.61a 27.72a 

(CIO:I to CIB:3) " 
trans, unsaturated l.SSs,b 1:64a 1.30b 1.36a ,b 1.40a ,b 

(C18:1) 
Other 3.04a 3.12a 3.12a 3.01a 3.2Sa 
trans 18:1 x 100 7.Sas 7.52a 5.9Sb 6.0Sb 6.23b 
Total 18:1 

1 See Table B 
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" Table -10. fatty Acid Composition of Summer Butterfat and 50lid Butterfat 
fractions. 

Methyl esters (Wt %)1 ", 

,. Whole summer 
Fatty acids 5-29 5-19 butterfat 

'0 

Short chain, saturated 9.37c 11.10b 11.828 
(C4:0 to C10:0) ~ 

Medium chain, saturated 
(C12:0 ta C15:0) 

15.88a 15.78a 15.44b 

Long chain, s8turated 47.04a 41. 75b 39.47c 
(C16:0 ta C20:0) \ 

cis, unsaturated 21.14c 24.73b 26.378 

(CIO:! ta C16:3) 
'Q 

0 

trans, unsaturated 3.13a 3.06a 3.3,a 
(C18: 1) 

\, 

Other 3.44a 3.58a 3.55a 

trans 18:1 16.13a 13.76b ~.06b x 100 
Total 18: 1 1) 

1 See Table ~ 
1 
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fatty Acid Composition of Summer Butterfat and liquid Butterfat 
fractions.. ,: 

Methyl esters (Wt ~)l 
Whole summer 

Fatty acids butterfat L-29 L-19 

Short chain, saturated ll.82c 12.95b 13.99a 
. (C4: 0 to CIO: 0) -

'Medium' chain, saturated 15.44a 15.26a ,b 
q 

15.02b 
(C12:0 ta CI5:0) 

Long chain, saturated 39.478 36.98b '35.68c 
(C16:0 ta C2O:0) 

cis, unsaturated 26.37c 27.81b . 29.22a 
(CIO:l ta CI8:3) 

trans, unsaturated .3.358 
, , .. ~ 3.158 2.5Sb 

(CIS:I) , 

Other 3.5Sa 3.848 3.558 

, 
trans 18:1 x 100' \4.06a I2.78b ,1O.10c 
Total 18:1 

l See Table 8. 

; 
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proportion of the total octadecenoic acids, were significantly higher 

(p<O.05) in the 5-29 fractions and significantly lower (p<0.05) in the 

L-19 fractlons cpmpared to the original butterfats. The trans 18:1 

isomers consisted mainly of the ~ Il lsomer (mp 440 C) while the cis 

IB:l is malnly the ~9 lsomer (mp 110C). This accounts for the 

occurrence of a higher proportlon of the trans 18:1 in the solld than in 

the liquld fractlons. 

The present study shows more marked differences in fatty aCld 

composition between fractions obtained by cooling 1iquid fat than have 

been previous1y reported (Norris et al., 1971; Black, 1973; de Man and 

Finoro, 1980). The improved crystal1ization and separatlon procedures 

used ln the present study permitted a wlder range of fractlonation 

temperatures to be used and hence 1arger differences in chemical 

composition of fractIons compared to those reported previously. 

In addItion to the fatty acid analyses, the who1e butterfat and 
/311\ 

f" ~F 
~tterfat fractions fromathe winter butterfat were analyzed by capillary 

column gas chromatography (CC-GC) for triglyceride composition. Grob and 

coworkers (1980) noted that fat fractionation can be monitored more senSl-

tively on a triglyceride basis than by classical ana1ysis of fatty aCld 

methy1 e~ters; this is because it is a direct analysis of glyceride 

species that are being separated. Figure 10 shows typica1 chromatograms 

(CC-Ge method) which were obtained with winter butterfat and wlth 5-29 and 

L-19 fractions. The triglyceride compositions according to acyl carbon 

number, for both solid and liquid, 29 and 190C winter fractions in 

comparison to the whole fat, are summarized in Table 12. 
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sOlla fraction at 2!1C 

3" 38 50 
44 

34 40 42 

) 

WhOI! butterfat 
311 38 

50 
3 .. 

1 -ell 

.. 0 42 44 .. " (ofu 

j 1 

" 
52 

32 LuLA Iw'LJ 30 

l 

lIquld fractiOn at 19C 
3" 3" 38 

.. 0 48 50 

42 .... 4" 52 

J 

Fig. 10. Typical gas chromatograms of the triglycerides of 
whole butterfat, a solid fraction at 290C, and a 
liquid fraction at 190C. 

... 
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Table 12. ) Triglyceride Composition of Winter Butterfat and Butterfat 
fractions as Determine'd by Gas Chromatography. 

% 'of Trigl}:ceride (based on ~eak area/total area of al! ~eaks) 
Acyl . 
carbon Whole wrnter 
number 5-291 5-191 but terfat2 L-291 L-191 

22 tr3 0.0"6 tr 0.08 ,0.10 
24 tr 0.03 tr 0.08 0.08 
26 . 0.11 0.14 0.16 0.17 0.18 
28 0.38 0.57 0.52 0.68 \ 0.79 
30 0.82 1.04 ,1.18 1.25 1.46 
32 1. 73 2.18 2.32 2.57 2.84 
Othet 0.22 0.27 0.29 0.30 0.34 
34 4.76 " '5.77 6.58 6.66 7.52 
Other ' 0.95 1.08 1.36 1.31 1.44 
36 9.12 10.91 11.35 12.50 14.03 
Other 1.29 1.55 1.52 1. 71 1.99 
38 10.12 12.09 13.67 13.74 15.44 
Other 0.41 0.65 0.69 0.71 0.81 
40 7.82 9.33 10.17 ' 10.33 11.31 
Other 0.23 0.50 0.12 0.50 0.58 
42 6.50 7.14 7.29 7.05'" 1 - 6.82 
Othe!' 0.28, 0.47 0.72 0.46 0.31 
44 7.32 6.96 6.58 5.90 5.37 
Other 0.95 0.90 0.79 0.63 0.27 
46 9.08 7.55 6.60 5.92 5.03 
Other 1.45 1.14 0.90 0.95 0.39 
48 10.96 8.67 6.12 7.23 6.15 
Other 2.86 2.02 2.16 2.24 1.24 
50 11.66 9\0,35 6.40 6.U 6.68 
Other 1.64 0.97 0.77 - 1.12 0.70 
52 7.04 6.41 6.12 5.78 5.73 
54 2.09 2.07 1.62 2.04 2.20 

1 fractionation experiments were peI'foI'med in triplicate at each temperatuI'e; 
the ana1ysis of each sample was performed in duplicate. 

2 The sample was analyzed in duplicate. 

C 3 Trace. 

'\ 
'"\ 
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It will be noted from figure 10 that the composite groups of ~eaks 

with a carbon number (CN) greater than 42 are more concentrated in the 

solid fractions; the groups of peaks with a CN less than 42 are more con-

centrated in the liquid fractions. This reflects the tendency for the 

higher molecular weight triglycerides to solldify and for the lower molecu-

lar weight trlglycerides ta stay in the llquid fractIons. ' 1 t 18 also 

interesting to note the differences that exist within the groups of peaks 

with the same CN. Although complete identificatlon of ail peaks separatcd 

on the 08-5 oapi11ary co1umn was not posslble, it was determined for the 

C54 group of peaks that the first peak Included the tri-unsaturated C54 
< 

triglycerides and the last peak was the trlsaturated, C54 (tristearin) 

specles. The chromatograms (fig. 10) indicate that the last peak ln each 

group (C44 to C54) having the same eN increased substantially ln the solid 

fractions; the same peak almost disappeared on the chromatograms obtalned 

with liquld fractions. This reflected the tendency for the trisaturated 

species of each group ta concentrate in the solid fractions. 

3.) Physical Characterlstlcs 

The melting and solidificatlOn behavlOur of an (li! or fat as 

measured (OSC) by the ratio of 11quid/solld at dlfferent temperatures are 

of great importance in assessing Its use in a particular food 

application. The percentages of liquid oil in the various fractions as a 

function of temperature are presented in Tables 13 and 14. 

The results of the statistical analyses (with the exception of the 

liquid fractions at the upper temperature~) showed significant differences 

o . 
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Table 13. liquid Oil Content of Winter Butterfat and Butterfat Fractions. 

% liguid ail in designated fractlon l ,2 
T~erature Whole win ter 

(OC) 5-29 5-26 5-23 5-19 butterfat L-29 L-26 

b.O 9.0h 10.79 12.1f 12.S f 15.6e 23.3d 24.6c 
5.0 lS.2i 17.Sh 19.39 19.7f 24.8e 32.3d 34.2c 

10.0 23.8 i 27.7h 29.99 30.5f 39.3e 47.1d 49.3c 
15.0 31.4i 36.2h 39.39 40.3f 51.ge 67.0d 71.0c 

. 20.0 36.6i 44.2h 48.39 49.0 f 64.6e 80.7d 8S.3c 
25.0 37.1h 47.49 54.8f 57.3e 75.8d 89.3c 94.7b 
30.0 46.3h 58.99 67.4f 70.ge 87.9d 97.7c 98.4b 
35.0 61.6 i 74.6h 83.79 87.2f 97.3e 98.7d 99.1c 
40.0 83.6h 92.59 96.0 f 97.2d ,e 98.1d 98.8c 99.4b 

Melting point of designated fraction (oe)2,3 

43.58 41.Sb 39.0c 38.2d 34.6e 29.7f 27.09 

L-23 L-19 

26.9b 28.18 

37.6b 39.3a 
53.9b 57.8a 
76.8b 79.39 

93.6b 95.4a 
98.2a 98.38 

99.59 99.5a 
100.08 99~b 
100.0a 99.6b 

'-. 

22.9h 20.6 i 

l The % liquid oil at various temperatures was determined by DifferentiaI Scanntng Calorimetry (DSC). , 

2 5ee Table 8, footnote 1. 
: 

3 Melting points were determined by AOCS Method Cc 1-25. 
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Table 14. Liquid Oil Content of Summer Butterf8t and Butterfat fractions 

% liguid oil in design8ted fraction 1,2 
Temperature Whole summer 

(OC) 5-29 5-19 butterfat l-29 l-l9 

'- f' 
0.0 9.1e 14.2d lS.2c 24.7b 29.38 

5.0 15.3e 22.Zd 2S.9c 34.3b 40.98 
10.0 23.5e 33.0d . 42.8c 47.6b 56.7a 
15.0 30.0e 43.0d 56.6c 67.1b 78.88 
20.0 32.1e 49.0d 67.4c 80.0b 96.1a 
25.0 32.6e 56.9d 78.6c S9.1b 99.0a 
30.0 42.2e 70.1d 90.2c -97.4b 100.0a 
35.0 57.0d 85.7c 98.0b 99.6a 100.0a 
40.0 78.7b 96.8a 99.98 99.9a 100.0a 

Melting point of designated fraction (oC)2,3 

44.48 3S.4b 33.4c 2a.ad 19.7e 

1 See Table 13. 
c 

2 See 1. Table S, footno,te 

3 See Table 13. ,V ... 

, 

o 
• 
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(p<O.05) in the meltinq behaviour between aIl fractions obtained in each 

experiment (Tables 13 and 14). lt should be noted that the differences in 

melting behaviour between fractions obtained From the winter butterfat are 

more pronounced than the differences in fatty acid composition (Tables 8 

and 9). The melting behaviour of the 5- and l-23 fractions as compared 
o ~ 

with the 5- and l-19 fractions (winter butterfat) were significantly dif-

ferent (p<O.OS); the diffèpences in fatty acid composition of the same 

~actions were not signiflcantly different. ihe same ~~s true for the 

l-26 compared with l-29 fract'1ons obtainëd from the winter butterfat. 

This would suggest that the arrangement of the fatty acids ln the trigly-
/ 

) 1 
cerides has a more marked influence on the physlcal propertles of butter-

fat fractions than does the fatty aCld composition. 

Figure Il shows typical D5C crystaillzation curves for winter 

butterfat and the 5-29 and l-19 fractions obtained from thlS fat. Figure 

12 shows a comparison of the correspon~ing melting curves. 

The crystallizatlon and meltlng behaviour of the 5-29 fraction 

differed markedly From that of the whole butterfat and the L-19 fractIOn. 

The crystallization curves obtained wlth the 5-29 fraction showed a large 

high temperature peak (at ca. 200 C) which was present only as a small 

shoulder preceeding the low temperature peak in the whole butterfat curve; 

this was absent in the curve obtained with the l-19 fraction (F-ig. 11). 

5imilarly, the melting curve of the 5-29 sample had a large peak at 

41oC; thlS was almost absent in the curve obtained with the wholé 

butterfat and did not appear ln the l-19 curve. The l-19 melting curve 

had a large low temperature peak at 17oC, and a portion of the curve 
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indicQted there was some ~elting between -20oe and -50e. This region 
- . 

of melt~ng was ~lmost absent from the other two curves (Fig. 12). 
.. ,. 

The pI>esent study t"!as shown tnat but terfat ca~ be fractionated by 

controlled cooling of melted butt~rfat, to yield products which differ 

~ markedly in their physical and chemical characteristics. These fractions 

might be incorporated i~to 'oods where the melting and crystalllza~~on be-
, 1 " 

havi'our of whole butt'èrfatlis not suitable but where the flavour of butter-
< 

fat is desirable. For example, Tolboe (1984) used su~cessfully a high-

melting fraction of butterfat, which had a melting curve simllar t9 thBt 
l 

of the 5-'29 fractions obtained in- ~he present study, in Dar')ish pastry. 

The corresponding low-melting fraction was suitable as a cookie fat 

JTolboe, 1984). -
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EffECTS,Of THERMAL OXIDATION ON THE CONSTITUTION OF BUTTERFAT, 

BUTfERfAT fRACTIONS AND CERTAIN VEGETABlE OILS. 1. POLYMERIC COMPO~ENT5 

1. INTRODUCTION 

Previous work (Perkins,- 1976) has shown that' the thermal qxidation. 

of a fat (heating at,180oC - 20QOÇ in'the pr~sence of air) r~sults in a 
~ 

variety of complex chemical changes in the fat, bo~h oxidative and 
< 6 

thermolytic. This leads to the formation of nurnerous volatile a'nd"-
, 

nonvolatile degradation p~oducts, many of which are important from the 

stan~points of flavour, odour and nutrition. 
-1 

• c 

Of particular interest are the nonvolatile deg~dation products 

which accum41ate in the therm"ally ox.idized fats and oils and subsequently 
l ' 

are tngested with the food. A.relationship between the n~nvolatile,.non­

urea-adduct-(orming fraction of heated vegetab~ and various'toxic 

o responses has been suggested by the early work of Crampton et al. (1953, 
.5 

1956). The work of subs~quent researchers (Michael et al., 1966; Artman, 

1969; Artman aQd Smith, 1972; Ohfuji and Kaneda, 1973) supports these 

.. finqings and suggests that the nonadductable monomers and oxidative dimers 

are the main source of toxdcity. 

Numerous investigatlons have mealt with the characterization of 
1 

" various component~ of thermally oxidized vegetable fats and oils; correspon-

ding data for but terfat, however, is limited. TherR is some evidence in 

the early literaturë that butterfat may have possible nutritional 

... 64 -
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advantages over vegetable oils as a cooking ~at (Johnson et al., 19S~; 

Bhalerao et al., 1959; Coombs et al., 1965). Knowledge of the differ-

ences in composition of thermally oxidized butterfat and of vegetable olls 

may suggest possible faetor(s) whlch eould be responsible for the ob;erved 

nutritional advantages of buttèrfat. Such informatlon is also desirable in 

the view of current interest wlthln the dairy industry ln the fractianation 

of butterfat to y_ield products which might have speclfie uses in food 

'formulation and processing (Ch~pter Ill). To the authors', knowledge, there 

is no information ln th'e literature on the thermal oXldative behaviour of 

such butterfat fractions. 

The present study deals with the characterization of nonvolatile 

degradation products whieh are formed during thermal oxidation of butterfat 
, 

and butterfat fractions as well as certain vegetable oils. In particular, 

tbis study deals with the higher moleeular weight 'compounds that form as a 
.1 

1 

result of thermal oxidation of fats and oils. 

2. EXPERIMENTAL 

l,.. 

2.1 fat and Dil Samples 

~amples of winter (Jan~ary) and sum~er (September) butterfat were 

prepared from fresh butter (Cooperative Agrlcole de la Cote SVd, Quebec) by 
" , 

me1ting the butter at 60oC, removing the top oil layer, filterlng the 011 

through glass wool and drying the resulting product over anhydrous sodium 

sulfate. The oil was then refiltered (vacuum, Whatman 41 paper), f14shed 

with ni~ogen and stored at -200e. The anhydrous butterfat was 
1 

, fraction~ted at 29 and 190C by crystallization fram molten fat ta > leld 
1 
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solid (5) and liquid (L) -fractions at each temperature. The fractionation 

procedure has been described previously (Chapter Ill). 

Sunflowerseed ail (Safflo, CSP Foods Ltd., Saskatchewan) and corn 

oil (Mazola, Best Foods, Mgnt,real) were purchased from a local 

supermarket. Canola oil and soybean ail were obtained from Canada Packers 

Ltd. (Montreal). None of the vegetable 011 s contained any preservatives. 

2.2 Thermal Oxidation Procedure 

A sample (100 g) of fat or ail was placed in a'three-neck 

round-bot tom flask (500 ml) 'and then heated (heat..!-ng manUe)" a-t 1850 C + 

20C for 8 or 16 h. A constant flow (30 ml/min, double stage regulator . 
and flowmeter) of extra dry air (Linde, St. Laurent, Quebec) was passed 

into the oil during the heating penod. The same cy linder of air was used 

~hroughout the study. The samples were stored at -200 C under an 

atmosphere of nitrogen until they were analyzed. o 

2.3 Gel Permeation Chromatography (GPC). 

The treated and untreated samples were analyzed using a High 

Performance Liquid Chromatograph (HPLC) supplied by Waters Associates 

(Milford, Massachusetts); the instr~ment consisted of a Model 510 pump, a 

U6K Universel Injector, an R401 DifferentiaI Refractometer (attenuation 
. d 

8x8) and a series of 'three cohJf!l~s (7.8 mm ID X 30 cm length; 103 A, 500 
o 0 

The column A, and 100 A Ultrastyragel) operated at room ~emperature. 

1 
packin~ material\ was highly crosslinked styrenedivinylbenzene copolymer 

1 
-/ 
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(<10 microns). The total permeation volume was 3(> ml (or 12 ml/column), 

and the total void volume was 18 ml. Tet~~hydrofuran {THF) stabilized with 

250 ppm BHT (Anachemia, Lachine, Quebecr, was used as the solvent at a Flow 
!lJ 

rate of 1.0 ml/min. Peak integration was perf,ormed using a 'Spectra-Physics 
o 

(San Jose, California) SP-4270 Integrator. 

2.4 Preparation of Samples for GPC 

~t _ 

For the analysis of intact triglycerides, the samples (30, to 50 mg) 

were dissol ved in l ml of THF. 

Methyl esters of the unheated and heated fats and oils were pre­

pared by lUPAC Method'2.301 (4.2) for acid ails and fats (IUPAC, 1979) with 

minor modifications. The methyl esters were ext racted with hexane and the 
Q 

'resul tant solution dried over anyhdrous sodIum sulfate. The hexane was 

evaporated using a stream of nitrogen, and the methyl esters were 

redissolved in THF (30 ta 50 mg methyl esters per l ml èf solvent). High 

purity dimer and trimer acids were obtained From Emery Industries 

"(CIncinnati, Ohio); t~ey were converted to methyl esters by the procedure 

gi ven previously. Standard mixtures of t riglycerides, diglycer ides, 

monoglycerides and frêe fatty acids were purchased From Sigma Chemical Co. 

(St. Louis, Missouri). 

-1 
! 
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2.5 fatty Acid Analysis 

The preparation of methyl esters and the determination of fatty 

acid composition by capillary column-gas liquid chromatography was 

described in Chapter'III. 

3. RESUlTS AND DISCUSSION 

• 
figure ,13 shows typical gel permeation chromatograms of butterfat 

and vegetable oil samples which were heated at 18SoC for 16 h; 

chromatograms from both the wtac,t samples and their methyl esters are 

shown. The dlmeric and higher molecular weight peaks wHlch increase as a 

(," result of polymerization reactions during thermal oxidatlon giv~ ae 

indication of oil deterioratlon. 

It should be recalled that GPC separations are based strictly on 

differences ln molecular slze. Thus, the chromatographie peaks may include 

bath nonpolar and polar components. The relative concentratlons of non-

polar and polar components will depend on the presence of polar functional 

groups and, in the case bf polymerized fatt~ acids or trlglycerides, on the 

type of linkage between fatty acid or triglyceride units (e.g., carbon to 

carbon, ether, hydroperoxide or epoxide llnkage) (Ottaviani et al., 

1979). It should 81so be noted that GPe of the intbcL samples gives an 
t 

indlcatlOn of the degree Gl.f lntermolecular pblymerization (Le. iJ reactions 

between fatty ~cids on two different triglyceride molecules) and not 

intramolecular polymerization (i.e., reactions between fatty acids on the .,,-
" 

seme molecule). Thus, the heated ails were transformed to methyl esters to 
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obtain additional data on the total amounts of inter- and intramolecular 

fatty acid dimers and higher oligomers WhlCh were formed du ring the thermal 

oxidation treatment. 

tompone>nts are eluted From gel permeatlon columns ln the order of 

decreasing molecular size. The series of columns which was used ln thlS 

--, 
.' 

investigation resulted in the separation of normal weight butterfat trigly-

cerides ta give t~o peaks; these represent two broad groups of triglycer­

ides which differed in moleeular size (Fig. 13). The second peak represent-

ed the low molecular weight triglycerides; they are eluted with diglycer~ 

ides as indicated by the ret~~tion time of standard diglycerides. 
, 'Il 

The vege-

table oils J on the other hand, gave a single triglyceride peak .. Thi§ indl-

cates the narrower range of composition of vegetable oil triglycerides 

eompared ta butterfat triglycerides whieh eontain From C22 ta C54 (total 

acyl carbon numper) speeies (Chapter III). 

The results r-eported in Table 15 show that a11 of the unheated vege-

table ails contained dimeric triglycerides ranging in amounts from 0.21% ta 

0.59~; the unheated butterfats did not eontain any detected polymerie tri-

glycerides. The occurrence of high molecular weight compounds in fr~sh 
" 

~egetable ails is most likely the result of processes that were used in 
,', 
~ , 

their refinement (i.e., degumming, alkali refining, bleaching, deodoriza-
o 1'1' 

tionr~ 
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Table IS. 

\ 
MOAomeric, Dimeric and Higher Oligomeric Triglycerides ConstItution of Unhea~ed 
and Thermally qxidized Butterfats and Vegetable Oils. ,~ 

----_ .. _._-- -_ .. _- ------ _ .. _--_ .. _--

% of intact samEle (Eeak area/total-area or aIl Eeaks) 
Heating Canala Sunflawerseed Corn Soybean WIn ter Summer 
period (h) GPe fraction oUa oUa oil a oil a butterfatb butterfata 

0 Trimeric and 
higher oligomerlc ndc nd nd nd nd nd 

-3 Dimeric 0.21 0.59 0.21 0.25 nd nd 
!' Monomeric (TGT 97.06 97.06 95.83 98.10 50.01 52.26 

Monomeric (TG/DG) 2.45 2.04 3.51 1.36 49.54 47.24 
Monomeric (FFA) 0.29 ) 0.31 0.45 0.30 0.45 0.50 

8 Trimeric and 
higher oligomeric 7.70 10.33 2.86 8.82 4.93 5.51 

Oimeric 12,17 15.85 8.90 13.51 9.74 9.34 
Monomer ie (TG) 77.58 72.14 84.45 77.43 39.63 41.63 
Monomeric (TG, O~) 2.40 1.44 3.44 trd 45.70 43.23 
Monomeric (HA) 0.16 0.23 0.35 0.24 tr , 0.28 

16 Trimeric and 
>-

hlgher oligomeric 19.65 23.10 9.60 21.14 9.12 - 11.48 
Dimeric 14.67 17.49 13.76 15.05 12.81 ,:', 13.16 
Monomeric (TG) , 62.99 59.23 72.90 63.55 34.23 34.27 
Monomeric (TG, DG) 2.69 tr 3.50 tr 43.84 41.03 
Monomeric (FFA) tr 0.18 0.23 0.27 tr 0.05 

a Each value foTs=-arid 16 .... -f) heating represents the me an of 3 repllcate samples, analyzed in duplicate. 
b Each value represents the mean of onë sample, ana~zed in duplicate. 
c Not detected. -
d Trace (not integrated). 
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The s~nflowerseed, soybean and canola oils, after both 8 and 16 h 

of thermal oxidation, contained substantially hlgher amounts of bÇlth 

d,imeric and higher oligomeric triglycerides than did either the corn oil or 
-' ç)0 

butterfat' samples (Table 15). It should be noted that with the corn 011 

samples, after 16 h of thermal oxidation a very viscous and dark coloured , 

material which was not soluble in chlorofor,m, ethy l ether or acetone 
, 

remained on the inner walls of the flask after the sample was removed; this 

was not ob~;erved wi th any of the other samples. This material could con-

tain high molecular weight components which were not accounted for in the 

GPe results From the corn oil samples which were heated for 16 h. The 

results obtained with aIl of the fat and oil samples indicate that the 

rates of dimeric triglyceride formation, du ring the first 8 h of heating, 

exceeded the rates of trimeric ao!!,higher oligomeric triglyceride forma-
// 

tian. Theofastest rates of formation of a11 polymers 6ccurred in the sun-

flowerseed, soybean and éanola oils. The rate of dimer formatlon in the 

sunf lowftrs'é;d, soybean and canola 6ils decreased during the second 8 h of 
~ 

/héâ'ting, while the amounts of higher oligomeric triglycerides continued to 

increase at a steady rate throughout the 16 h heating period. The rates of 

formation of dimers as compared wi th the higher ollgomers in the sunf lower-

seed, soybean and canola oils suggest that dimers are formed preferentially 
\ 

and that the higher oligomer~ were formed from the dimers (addition 
1 
,\ 
\ 

polymerization). \ 

\ 
The corn oil behaved more like the but terfat samples with respect 

to intermolecular polymerization than did the other three vegetable ails. 

This is somewhat surprising in view of the considerable differences' in 

their fatty acid compositions (Table 16). It seems reasonable ta assume 
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Table 16.- Fatty Acid Composit~on of Wïnter and Summer Butterfat and Selected Vegetable Oils. ' 

Methyl esters (Wt %)~ 
Winter Summer 

Fatty acid g~oup Canala oil Sunflowerseed 011 Corn oil Soybean oil butterfat butterfat 

Saturated <' 7.43 10.74 12.99 15.07 70.48 66.7-3 

i' 
Honounsaturated 

Po1yunsaturated 

58.16 18~00 26.83 22.66 24.57 27.36 ...." 
w 

34.17 70.90 60.17 61.86 1.90 2.36 -1 

Other 0.24 0.35 :0.42 3.04 3.55 

~ 

a Each sample was analyzed in duplicate. 
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thaf the probability of intermolecular 

degree of unsaturation of an oil increases. The results reported he how-

ever, suggest that (at least 'during the fir~t 8 h of 

factors other than degree of unsaturati~n which have a ~arked influence on 

intermolecular polymerization. One such factor could be the presence of .. 
naturally occurring antioxidants. It is known that untreated corn oil con­

tains a certaln amount of tocopherol (Sonntag, 1979) which could explain 
" 

Us slower rate of polymerization during 8 h of thermal oxidabon eompared 

to the oth~~ vegetable ails. 
: .{ 

rJbles 17 and 18 show that there are sorne differences ln the inter-

molecular polymerization of the butterfat fractions ln comparison to whole 

butterfat. The chemlcal and physical properties of the whole butterfat and , 

butterfat ,fractions which were used in the present study were deserlbed in 

Chapter III. 

The liquid fraction (L-19; Table 17) obtained from the winter 
. . 

butterfat showed sorne stabllity toward thermal oxidation (8-hour heat -, 
treatment) as compared ta the other samples; this sample, however, had the 

highest d~,gree of unsa turation (Chapter II 1). After 16 h of heating, the 

solid fraction (5-29; Table 17) exhibited the greate~t resistanee to 

intermoleeular polymerization. With the summer butterfat samples (Table 

18), the S~29 fraction contained the lowest level of total polymerie 

triglycerides after both 8 ànd 16 h qf thermal o~idation; the L-19 fraction 

contained the highest leveis of polymerie triglycerides. A comparison of 

the results obtained with winter and summer butterfats shows that the 

leveis of dimeric:triglycerides in the samples heated for 8 and 16 th were 

very similar. .!;e ~ain differepces were in the levels of high molecular 
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Table 17. Monomeric, Dimeric and Higher Oligomeric Triglycerides Constitution of 
Unheated and Thermally Oxidized Winter 8utterfat and 8utterfat fractions . • 

-~\, --- --~ ..... - -~-- ... 

% of intact 'sam~le ~~eak area7tota1 area of'a11 ~eaksJ~ 
fraction tî _ fraction Whole fraction. fraction Heating 

period (h) GPe fractIon 5-29 5-19 butterfat L-29 L-19 

0 Trimeric and highe~ oligomer~c ndc nd nd nd nd 
Oimeric nd nd nd nd .~d 
Monomeric (TG) 65.86 

~~ 
56.05 - '50.01 44.83 40.55 

Monomeric (TG, DG) 33.74 , 43.54 49.54 54.55 58.82 
J. 

Monomer~c (FfA) 0.39 0.41 0.45 0.62 ~ 0.64 

8 Trimeric and higher oligomeric 4.38 4.62 4.93 5.24 5.QO 
Dimeri:c <? 8.86 9.36 9.74 8.45 7.82 
Monomeric (TG) 55.38 45.93 ,39.63 35.16 30.73 
Monomeric (TG, DG) 31.30 40.10 45.70 50.869" 56.25 , 
Monomeric (ffA) 0.11 trd tr 0.29. 0.20 

16 Trimer~c and h~gher oligomeric 7.95 t. ·9.04 9.12 13.33 12.22 
Dlmerlc 12.48 lU24 12.81 Il. 74 11. 71 
Monomeric (TG) 50.39 40.42 34.23 27.14 22:76 
Monomer~c (TG, DG) 29.18° 38.29 43.84 47.78 53.32 
Monomeric (ffA) tr tr tr tr tr 

a Each value represents the mean of one sample, analyzed in duplicate. 
b fraction designation Indicates physical state (solid, liquid) and fractionatlon temperature (OC). 
c Not detected. 
d Trace (not Integrated). 
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-Table 18. Monomerie, Dimerie and Higher Oligomerie Triglycerides Co~stitution of 
Unheated and Thermally Oxidized Summer Butterfat and Butterfat Frabtions.-: 

, 

~ (l 

! 

'cP 

% of intact s-amp1eTpeak area/total area of aU peaks)8 

Heating Fractionb fraction Whole Fraction ,Sraction 
peI'iod (h) GPe Fraction 5-29 5-19 butterfat L-29 L-19 

0 Trlmeric and higher oligomeric nde nd nd nd nd 
Dimeric nd nd nd -nd nd 
Monomeric (TG) 68.69 59.22 52.26 49.38 45.12, 
~nomeriC (TG, DG) Jl.08 40.45 47.24 50.22 54.40 

onomeric (FrA) -J 0.23 0.30 0.50 0.40 0.48 
/' 

8 ! ~:iC and higher oligomeric 4.75 5.48 5.51 6.33 6.62 
~ _ erlC 8.83 9.40 9.34 8.48 8.51 

Monomeric (TG) 59.46 48.34 41.6-3 39.01 34.52, 
Monomeric (TG, DG) 26.84 36.57 43.23 46.01 ?O.OB 
Monomenc (FFA) 0.12 0.21 0.28 0.18 0.27 

16 Trimeric and higher otigomeric 9.90 10.77 11.48 13.75 15.34 
Dimerlc -;-12.48 12~99 13.16 11. 75 11.39 
Monomer ic (T G ) 52.15 40.90 34.27 31.54 26.71 
Monomerie (TG, DG) 25.26 35.09 41.03 42.83 46.32 
Monomeric (FFA) 0.20 0.26 0.05 0.13 0.23 

a Each value represents the 'mean of 3 replicate samples, analyzed in duplicate. 
b Fraction designation indlcates physical state (solid, 11quid) and fractionation temperature (OC). 
C Not detected. 
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weight polymers with'the summer butterfat and fractions containin9 larger 

amounts of trimeric and qigher oligomeric triglycerides than the 
-;~ 

- corÏ'esponding winter semples.. This reflected the higher proportion of 
, , 

unsaturated fart y acids in the summer butterfat as compared to the wlnter . ~ 

butterfat (Table 16) (Chapter III~ 
, ,0 ~ 

Table 19 summarizes the GPe dat~ From heated' fat and ail sampres 

'(16 h) which were tr,ansformed to the eorresponding methyl esters prior to 

GPC. The~e results g~~e an indication of the total a~ount bf polymeriza-

tlon (bath inter- and lntramolecular) whieh ~as ·occurred. It lS reasonable 

-to expect that the probability of having more than bne unsaturated f 
\l 

acid in a triglyceride molecule wlll be greater with sample~ v' 9 high 

levels of unsaturated fatty acids. ThlS, in turn, shQuld ~esult ln an in-

creased probabllity of intramolecular polymerizatlon (~okorny et al., 

1976b). It was observed that the sunflowerseed oil had undergone the 

l' highest degree of both inter- and intramoleeular polymeuzatlon among aIl 

the--fats and oils that were studied. On the other hand, the corn oil! 
J 

sample was relatively resistant to polymerization compared ta the other 

'\tegetable oils. It i6 interesting to note that, desplte the fatty acid 

composition of the corn oil, the heated ail contained primarily 

intermolecular polymers as lndicated by the relatively low value for 

.< 

trimeric fatty acid methyl esters (Table 19). Trimeric fatty acids can . . 
arise only lf intramolecular polymerization reaetions have occurred. ~As 

o ' ., 

indicated pre~iously, the results for corn ail (16-h semple) may be 10wer 

than the actual values due to losses of polymeric mater lai on the lnner 

wélls of' the oxidatio.n flask. The gel permeatlOn chromatograms from the 

fatty ~cid methyl esters showed that none of the fats and olls studled 
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, Table 19. Honomeric, Oimeric and Higher Oligomeric fatty Acid Con~itution of Iherma~ly Oxidized 
(185OC, 16 h) Butterfats, Butterfat fractions and 5elected Vegetab1e Oi1~. 

/ 

Tatty acid methyr~sters, ~ (peak are-a7to-far-iÙ'êa) 
GPC fraction Canola oUa SunfTowerseed oils Corn oils Soybean oila v 

Trimeric and higher 
oligomeric 

Oimeric 
Honomeric (fatty acids) 

1 

" 
Trimeric and higher 

oligomeric 
Dimeric 
Honomeric (fatty acids)\ 

!P 
Trimeric and higher 

oj.).g&ner ic 
01~ric 
Honomer ic (f att y acids ~ . 

5.98 
11.04 
82.?8 

5-29b 

3.97 
9.24 

86.79 

',,- 5-29a 
\ 

3.59 
7.70 

~ 88.71 

5.64 
14.89 
79.47 

l 
\\ 
\ , , 

2.96 
9.24 

87.79 

fractions from winter butterfat' 
Whole 

S...!19b butterfatb 'L-29b~ 

4.31 :l 

8.94 
86.75 

4.21 
9.18 

86.61 

8.18 
.' 1.20 
84.62 

Fractions From summer butterfat 
Whole 

5-19a butterfata l-29a 

4.50 
8.63 

86.88 

4.96 
8.97 

86.07 

6.44 
8.51 

85'.03 

a Each-value represents the me an of } replicate semples, analyzed in duplicate. 
b [ach ~alue represe~s the mean of one semple, analyzed in duplicate. 

C> 
C') 

~. 

6.47 
12.50 
81.03 

L-19b 

7.07' 
7.82 

85.11 

l-19a 

7.9.2 
8.06 

84.02 
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eontained polymerie faUy acids with more than three component fatty acids . . , 
The results obtained with the butterfat sampI es (both winter and 

'" 
summer) indicata that, in general, the total amount of polymerization 

incr&ase~ as the levei of unsaturated fatty acids in the unheated fats . ~ 
increased (Table 19). Pokorny et al. (1976b) stated that it is mainly 

the polyenoic fatt,Y acids which participate in polymerization reaotions of -

llpids. The present study indi~ates that this is not.necessarily true, ~ 

because the levels of polyenoic fatty acids"in the butterfat samples aione 

do'not account for the observed levels of polymerization. It would appear 
4 

that, under conditions of thermàl oxidation, both monbenoic and polyenoic 
~ 

faUy acids, and perhaps saturated "'fatty acids, oncé oxidiozed, have the 

potential to participate in polymerization reactions. 

The results reported in the present chapter indicate that butterfat 

and the fractions of butterfat are much more stable to thermal oxidation 

=, than are certain vegetable oils (canol'a, stlnflowerseed and sQybean). The 
~ ~ 

" 

,corn oil also exhibited a high degree of stability a~ter 8 h of heating. 

However,' the 16-h eornooil data wa~'less certain due tô the presence of an 

insoluble material which could not,' be removed from the ~xidation flask; 

this was believed to contain highly polymerized oil ànd was not observed 

with any of the other samples. The data also suggests that the degree of . 

. U1saturation of a fat or oil alone does not control the extent or rate of 

polymerization reactions" during thermal oxidation. It is certain that 

unsaturation i~involved in .polymerization of fats; other factors, however, 

âlso oould be important as would be indicated from the results with corn 
t, 

oil (8-h heat treatment) and with the l-t9 fraction from win ter butterfat 

(8-h heat treatment). It should be pointed out that, although the 

o 
\) 
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, . 
formation of polymeric compounds in heated fats~,~nd ~i1Q:" is considered to 

0' " 
bè an indication of the extent of degrada~iont t~e monomeric, tr1g1ycerides 

"0 , 

or fatty acids may also be degraded by thermal or oxidative changés. 
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CHAPJER V 

EffECTS Of THERMAL OXIDATION ON THE CONSTITUnON or aUTrERfAT, , ' , 

, , , BUTTERFAT fRACTIONS AND CERTAIN VEGETABlE OILS. . ., 

II. POLAR AND NONPOlAR-COMPONENTS 

" , 
" 

l. INTRODUCTION 

'/ 

It is known that the thermal oxidation of.a fat results in a 
~ ~ r 

, variety of o~idative and thermolytie reaetions in;t~s ~at which lead to 

·the formation of,numerous volatile ,and nonvolatile' degradation, products. 

Many, investigations have dealt with the,assessment of the thermal oxida-
J 

--, 

tiv~ behavio~r of vegetable'fats and oils; these fats and oils are used in 

con~iderable quantities for deep fa~ frying of fUQos and'thus a knowledge 

of their deeomposition pathways and produets is of great practieal and 

nutritional importance. 

But ter lS also used in food preparation", both ,as a eomponent and 
o 

as a frying medium; this is primarily because of its favourable flavour 

characteristics. -There is, however, little published Information on the 

thermal oxidative behaviour of butterfat and the composition of the resul-

otant nonvolatile degradatlon products. Butterfat is unique among aIl ?f 

the naturelly occurrlng fats and ails in its chemieal,and physical eharac-

teristics. More than 400 different fatty acids hav~ been found ta be' pre­

sent in butterfat (Patton and Jensen, 1975). A large proportion of the 

fat is eomprised of saturated fatty aClds (ca. 66-70%) of which approxi­

mately 12-13% is short chain fatty aeids (C4:0 ta CI0:0); the main unsatu­

rated faHy aeld in butterfat is oleic acid (ca. 19-2Ho) (Chapter III). 

Vegeteble oils, sueh es corn ail end soybeen oil, on the other hend, 
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:~~o~tain primp~.ilY lOr::'lg chai'~, unsat'ur8t~d f"a~t~ 8C~I~S; corn oil and,,:,~ean d 

oil contèinoS7' and ,84% of total u'1Sâtu'rate'd fatty acids, fespectlvely \ 
~ 0 ~ J" ' " D 

" , " 
(Chapter IV) •. Amer a,,!dMy~r (l974),f~nd th"at Whetl modified bhUer (wh,ich 

'-' 0' ~ 

contained 30'osunflower oU) was ,hegt:ed,(900 C for 20, 40 and 60 h) fi ~he 
, 0 '0 li) <') (0.1) .(J 0 (J 

, ' 

rate of" ôxidaHon was much more rapid in' the modified butter than in 
" " " " 

~ "0 /. '"", 

normal but t~Thus major: differencés would be e~pected \n th~O 
~ ( 0 '-' , /)i\J o 

o , C> 

comp~sition of decbmposition products from" heated butterfat compared to '0 0 

thbse of heated vegetaple oils.' 

The present study"' deals with the charaderizatJ.on of nonvpli(ati.!e 
" ~ 0 0 0 

degradation products which are formed during the therma!-oxidationd~f 
- Q 0 r 

butterfat and but terfat fractio~s as weIl 0 as cer'tairr veg~table oi l~/! The 

gel permeation properties àf the heated fats and o11s (bot,h at the trlgly­

ceride and fatty acid levels)- have been reported ln Chapter' IV. 0 The 

present chapter deals with the polar and nonpolar products that fOTm as a 

result of ther'mal oxidation bf fats and oUSe 
0' 

o 

o 

; u , 

o ... ..,0 

, " 

o 

o .' 

,,- . ... 

D 

" , , 
~nh)'drous butterfat was prepared From fresh summer (September) 

" 
butter (Cooperaùve Agricole de la Cote Sud, Quebec). The anhydrous 

butterfat was fractionated at 29 and 190C by crystallizatlon from m~ten 

" 
fat to' yield soli,d (5) and liquid (L) fractions at each temperature. The ,H 

preparation of anhydrous butterfat, the fractionation proçe~ure, and the 

o 

cr 
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chemical and physical characteristics of the fractions have been"described 

previously (Chapter III). 

Sunflowerseed oil (Safflo, CSP foods ltd., Saskatchewan) and corn 
\ 

oil (Hazola, Best foods, Montreal) were-purchased from a local super-

market. Canola oil'and soybean oil were obtained from Canada Packers Ltd~ 
n' 

(Hontreal). None of the vegetable oils contained any preservatives. 

2.2 Thermal Oxidation Procedure 

A continuous heat treatment was used by which 100 g samples of 

anhydrous fat or oil were placed in round-bot tom flasks and mai~tained at -
185 t 2~C for 8 or 16 h in'the presence of air (30 ml/min); the method 

has been described previously (Chapter IV). 

2.3 Chromatographie Separation of Polar and Nonpolar Components " 

The thermally oxidized oils ,were sepa'rated in~o polar and nonpolar 

fractions by column chromatography on silica gel 60 (Merck No. 7734). The 

method of Guhr and Waibel (as reported by Waltking and Wessels, 1981) was 

used, with minor modifications. The preparation of the silicê gel and the 

column were as described by Waltking and Wessels (1981). A measured 

quantity (1.0 g) of thermally oxidized oil was dissolved in 10 ml of the 

first eluting solvent mixture (petroleum ether - ethyl ether, 87:13) and 

added to the top of the column. An additional 10 ml of the same solvent 

mixture was used to rinse the beaker, funnel, and inner wells of the " 

" ' 
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o d '" 0 .:b "c:" ,/ 'cplumn. 'The non'po~ar fraction was eluted with 150 ml of the petroleum 
'a 1 ~ll, , 

" "c",", '~ethet-ethyl ether mixture into a round-bottom flask (250 mL). The polar 
, "' 

0" 

'" 

" 

." 
" , 

= 

, & 
a 

c, 

" ' 
" 1 compofJents were eluted into a second round-bot tom flask witt:! 50 ml of the 

o 
" 

,J petroleum ,ether-ethyl ether mixture followed by 100 ml of isopropyl 
, , 

'alcohol. The sol vents were e~aporated using a rotary ,evapdrator and ~he 
'" 

Il ",J '~ 

~~ighh of the fractions were det,ermined. The quality of 'the separat ions 

were'checked by thin layer chromatography (Waltking and Wessels, 1981). 

!he m~dification in the elution of the polar c6mponents was made following 

,'",pre~iminary analyses WhlCh indicated that the use of 150 ml of the f irst 
" ", 1 " ' 

, , ' 1> 
, ? 

, ,so~vent mixture (petrole~m ether -"ethyl ether, 87:13) ta elute the pblar 
1 \t ", \ 

,: .: fraction ,(Waltking and Wessels, 1981) resulted ln incomplete recoveries of 
J~ J Il 0 'J 0 

"O~ 0 U (1 "- ~ () 

I~~~ '"," pblar comp_gnents from th~ column!>. 

, 0 
o~ 

0" 

2.4 Gel P)~r,,!eation C~romatography (GPC) u 
Q 

,", Th~ nonpolar and polar" fractions which were separated From the 
L II ~ , 

, ,thermapy OX~diz"ep o11s "we;e avnalyzed "( a~ intact sampl~by GPC using 

high" :pressure Üq~id chromatography (,Chapter 1 V). ' 
, 

0(,' 

2.5 'fafty Acid'JAnalysis '\' 

, l') 

. , 
, ' -

.' 

The fatty a cid, composi_tions of the untreated samples and the 
'u " 

nonpo)a~ fractions from the treatep samples were determined by capillary 

colum~-gas chromatography of the metbyl esters (Chapte~ Ill) • 

, 
o 

-, 
0" 
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3: RESUlTS ANrrOISCUSSION° \\ 

,1 

1 

(li 

T~e amounts of total polar components in the nonvolatile fractions 

of the thermally oxidized vegetable ail and butterfat semples are reported 

in Tables,20 end 21, respectively. According to the method owhich wes used 

in this study ta separa te the heeted ails into nonpolar (NP) and polar (P) 

fractions, the NP fractions contained primarily unaltered triglycerides 

and, small amount of unsaponifiable matter; the P fractions contained 

sorne components WhiCh occur in unheated fats and ails, such as monoglycer-
, , 

ides, diglycerides a~d free fatty acids, as weIl as polar transformation 
. 

products which were formed during thermal o~idation (Waltking and Wessels, 

1981): The size of the polar fraction gives an indication of the degree 

of fat deterioration tBillek et al., 1978). Also reported in Tabls& 20 

and 21, are the distributions of polymerie material in the P fractions as 

determinqd by gel permeation chromatography! Figure 14 shows typical gel 

permeatiq~chromatograms of P and NP fractions from butte~fat and 

vegetable oil samples which were heated at ISSaC for 16 h. 

Under the conditions of heat treatment that were used, the thermal­

ly oxidized sunf~owerseed~ so~bean and canola oils contained substantially 

higher amounts of 't.o.tal polar components (after both 8 and 16 h) than did 

either the butterfat semples or the corn oi1 (Tables 20 end 21). Similar 
~ , 

dat'a for but terfat have not been reported previously. Direct comparisons 
" 

of the vegetable oil results with those reported in the literature (Gere, 

1982; Yoshida and Alexander, 1982) also cannot be made due to differenèes 

in heat treatments that were used by the various investigators. "As a 

reference point, 8illek (1979) has suggested, for frying oils, a level of 

'", 
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Table 20. Total Polar Components and the Composition of Polymeric Triglycerides 
in the Polar fractions From Thermally Oxidized Vegetable Oils. 

Sa~le 

Sunflowerseed 
oil 

Soybean 
oil 

Canola ail 

Corn oil 

Heating 
time (h) 

8 

16 
1 _ 

8 

16 

B 

16 

8 

16 

Total polar DIstributIon of polymeric triglycerides 
components (~)a - in polar fraction (~)b 

Higher Dimers Monomers 
oligomers (including DG z MG) 

36.05 (+ 0.34) 30.1 37.0 32.2 

52.61 (!. 0.38) 40.2 31.4 28.1 

31.89 (:t. 0.65) 25.8 /37.8 35.6 

47.42 (!. 0.04) 41.0 30.3 28.2 

31.69 (+ 0.24) 24.5. 33.7 41.0 

48.UO (:t. 0.52) 35.2 29.0 35.5 

20.56 (+ 0.99) 16.6 39.0 42.9 

32.61 (:t. 0.88)" 29.1 36.2 33.9 

free 
fatt~ acids 

0.8 

0.4 

U.8 

0.4 

0.7 

0.3 

1.5 
/ 

0.8 

a--VSlues reported are the percent age by welght of polar~components in the nonvolati1e fractions of the 
heated fats. Heating experiments were performed in trlpllcate. The deviation is tne average deviation 
From the mean of three replicate sample5, analyzed ln dupllcate. 

b [ach value represents the mean of one sample, analyzed in duplIcate . 
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Table 21. 

~le 

~#j~\. 
fi t ü". t 

1 
t 

'-
/2-
~<,.... ft...:. 

o 

'-
" 

Total Polar Components and the Composition of Polymeric Triglycerides in the Polar fractiOAs 
from. Thermally Oxidized Butterfat ,(Bf) and Butterfat,fractions. ~ 

Heat~ng' 
time (h) 

Total polar " 
componen~s (%)a 

, 
Distr"ibution of polymeric tri~lycerides 

in polar fractlon (%) , 

Higher Dimers Monomers free 

~ 

Oligomers (lncluding DG! HG) 1 fatty acids 

5-29 Bf 8 26.92 (+0.52) 17.6 29.0 52.5 1.0 
fractionc 16 38.53 (:f0.38) 22.3 28.7 48.4 0.6 

5-19 Bf B 27.84 (+0.34) 
, 

17.8 28.7 52 • .5 1.0 
fraction 16 39.74 (!:1.l) 22.6 " 28.7 48.1 0.5 

Whole Bf 8 28.72 (+0;58) 18.3 28.7 51.7 1.3 
16 43.08 <!:0.S9) 24.2 28.6 46.7 0.5 

il 
L-29 Bf 6 27.06 (+0.11) 24.3 27.2 47.5 1.0 
fraction 16 ~9. 73 (!:0.57) 30.4 26.2 ~ 43.0 0.4 

l-19 Bf 8 27.12 (+0.62) 22.1 27.3 49.5 1.1 
fraction 16 40.23 (!:0.04) 37.1 24.7, 37.6 0.6 

a See Table 20 . 
b See Table 20 

~,/ 

C fraction desig~ation indicates physlcal.state (solid, liquid) and fractionation temperature (OC). . e 
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30~ of total polar compounds in the oil as the point at which the oil is 

considered to be deteriorated and should be:liîscarded. 

The low levels of polar compounds in the corn oil compared to the 

1 other samples are somewhat surprising in view of the relati vely lu.gb / "'-_ 
\ 

content of unsaturated fatty aèids in this oil (Table 22); this data is J 

consistent with the relatively low overall levels of both Inter- and 

intramolecular fatty acid dimers and higher oligomers in the t~ermally 

oxidized corn 011 WhlCh were reported ~n Chapter 1 V. l t should be noted 

that with the corn oil samples, after 16 h of thermal oXldatlon, an 

insoluble substance (insoluble in chloroform, ethyl ether or acetone) 

remained on the inner walls of the flask after the sample wes removed; 

this was not observed with any of the other samples. This substance 

represented approximately 2~~% of the original welght of the oil and could 

contain highly degraded ail which was not accounted for in the analysis of 

the nonvolatile fractions of the heated oil. 

Figure 14 shows that the bulk of the dimeric and higher oligomeric 

triglycerides which were formed in the fats and oils as a result of ther-

mal oxidation, were found in the P fractions. This indicates that these 

polymerie compounds contained polar functlonal groups and/or polar llnk­

~\ ages between the fatty acid or trig1yceride units (e.g., ether, 

hydroperoxide or epoxide linkage). The analysis of the NP fractions 

(quantitative data not shown) indicated that the 8 h - NP fractions 

contained from 0.3% to 0.6% dimeric triglycerides and the 16 h - NP 

fractions contained from 0.4~ to l~~% dimeric triglycerldes. Polymerie 

triglycerides with three or more component trig1ycerides were not detected 

in the NP fractions from any of tfe thermally oxidized fats and oils. lt 
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,", "sh~ül:d be" k~pt ,in ~d th~t t~e i'nta~t"'sa",~le~ Wèr~ sep'er~ted, e~' 
" Co .. " 0 ~ j' < 1 ." .r, i' "", ",. '" 

""0'. ' ',. ,snelyzed. Thus nonpolar'.'etty aaid pOlYmers whieh' m1ght be pee sent ..ln the 
'~u ~ I:l \} V 1) 1 1 ç J JI l' ~ l',,": 1 .... , _ 

: c' heeted ons will not be d~teGted, if they",occur' as ,constnue~ts ~f 'polar 
) ,~ j " " .} '. 

, J U '0;> • v,," 

, otriglycerides
j 
or ,polymerie tr-iglyc'eridest ',,", v~ " \',-

'" . J Q , ,1 • 1 n 

A cQmparison of' the ,compositic~~~' Of,"po,lymeric',mete:rial , 
o ' 

. . ' 
in the P 

6 ~ 

6 , • 

1 l l 1 ( 

:. fractions from the veg~tabl'e oil 9samples".(Tab,ie 20) and the butterfat 
'. l ~ t 1 

o 0 • samplês, {Table 2I) shows 'that tl;le ~utte'~f~t "sampl~s-,c,~~tain~d, highèr , 

, . 

oô o'~, 0 ;~oporti~ps 0/ m~n~merico ~aterial, ·(i~~." t~î~lYC~~~Qe~, diglycérid~st and ~ 
! J J 1 i , J' 

, rribnoglycElnides~ .in the P fraœtions then did' ah Y" d( the v~getable oÜ~'. 
• al ~' "t ,J CI 0 ~ ~ Q II ',,, J~ t 1 i ~ 1 1 

"The ,higher, lev,eis of total polar: c~ponen't~'Jn the Dutterfat semples· 
c J' "" 'l lit 

compared, ~i th the corn oil 's~~ple ~ay:, havè, '~er 'dUè ~o a g",é~tèr , ,.,' 
ii (J " l ", ! ~' , " • 

proptirtior,., of 'products of hi'd~olysis (l.e., diglycerides, monogly~e'rides, 
J ~, 1 1 1 ~ 1 • , ' , 

,and free fatty aqids) in the P fr~ctlOns r!3ther than a ,greatel' proportIon" 
o 

O,f ~~ygen~ted and polymerie trig~YC~~'ides. lWi~h r. but,t~r.,f,at. samples, , 

the GPe method which W8S use~ did rot permit adequate separatIon of 
1 /" , 

<,0 diglyêel'ides~n~ monog~ycerldes from t,he, monomeri~ tr,igly~erldes (fJq_ 14) 
J ,! " 1 , 

beeause of the complex triglycéride composition 'of buft~~(at. Thus the 
, ~ IJ ) ,~ , 

, " 

extent of hydrol'ytie l'eactions ~ich' occurred' ca~not 'be ascer'talne'd fl'om 

Th~ level o~ free fatty acids ln the P f~a~tlons also may not , , 
1 

b~ a good indicator of the ëxtent of hydrolysis, Slnce the~e pl'oducts may 
(, " q 

be lost with the volatil,e components during th'ermal oXldotion. lt seems 
_ 0 il 

reasonable'to assume that this effect would b~ more pronounced wltn the 

butterf4t semples since 'they s.0nta~n a large proportion of s,hort chein , 
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table 21 shows that there are some differences in the amounts of 
, . 

polar components as weil as in the distriqutions of polymeric triglycer-

ides in the btitterfat fractions in comparistn to whole butterfat. The 

solid butterfat fractions contained lower levels of total polar components .. . 
~arJd to the wh~~utt~rfat; this corresponded to the lower levels of 

~ 

uns~turated fatty acids in the solid fractions (Table 23) (Chapter III,. 
, , 

The liquid fractions, contained similar or slightly lower levels of total 

polar campo nts camp~red to the whole butterfat; these semples, however, 

conhined 
) 

butter,fat 

highest levels of unseturated fatty a~~ds emong a11 or the 

l~s (Tab~e 23) (Chapter 1 Il). 

The GPC results shawn in Table 21 indicate thet es the degree of 

unsaturation in., the butterfat samples 'Increased, the extent of formetion 
o 

,_ - of polymeric triglycerides during thermal oxidation also increased. The 

liqui~ fractions c~ntained higher levels of dimeric end higher oligomeric 

triglycerides in thelr degradation products than did the solid fractions; 

the solid fractions contained higher levels of oxygenated triglycerides 

and/or hydrolysis products in their degrsfation"products. Thus the main 
" " 

r~action pathways which occur during the thermal oxidation of solid and 

liquid butterfat frections are different. 
1 

'" 
The-nonpolar fractions from the thermally oxidized fats end oils 

were further chafacterized according to their fatty acid compositions 

. "using capillary column-gas chrom~togra~hy of the methyl esters. Tables 22 

and 23 report the fatty acid compositions of,the unaltered triglycerides 

(NP fractions) in the unheated and heeted semples. As the fets and oils 

were heated, the levels of un§8turated fatty acids in the NP ffactions 

progressivelY,decreased as a result of the'degradation of these acids 

(J 

o 
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.---Table 22. Composition of Unsatureted Fatty Acids in Nonpolar 
Fractions from Thermally Oxidized Ve~table Oils. 

L ~ . 

~ Methyl esters (Wt %)a . , 
Sample' Heating 

time (h) C18:l ClS":2 

'" 
'1 

Sunflowerseed ail 00 18.0 70.7 

8 19.4 65.8 

16' 20.9 62.6 

Soybéan oil 0 22.6 
)1 

53.2 
(g 

, . 

C18:3 

0.2 

0.2 

0 

8.7 

S 23.4' 50.2 ' 6.~ 

16 25.8 ,47.7 
if , , 

.~ Canolà'" "1 0 55-.7 24.4 

S 59.9 18.6 
Q 16 • 65.3 16.1 

~ "" , 

Côrn oil 0 26.8 59.5 
'-. 

8 2.7.4 56.3 
~ 

~ 

16 29.0 54.8 

a Each value for 8- and 16-h heating represents the mean of thl'ee 
replicate semples, analysed in duplicate • 

.o. ~-ü J 

, ;) 

/ 

5.2 

9.7 

5.3 

3!btt 

0.7 

0.7 

0.5 

141'0. 
: ",* 

.~. ~ 

" " 

" 
,~ ~.!.I1-~ 
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Table 23. CompgslUon of Unsaturated fatty Acids in Nonp01ar fractions . 
from Therma11y Oxidized Butterfat (8f): and Butterfat fractions.-

b 'Sample 

5-29 Bf fracth'ôn 
'- -

5-1' Bf fractiQn 

Whoie Bf 

l-29 Bf Fraction 

Heating 
Ume (h) .. 

0 

8 

16 

0 

8 

16 -
0 

8 .... 

16' 

0 

S" 

16 

0 

8 
. 16 

. 

~-. .. 
,0 

Meth~ l esters (Wt ~) a 

C18:1 C18:2 C18:3 

16.3 1.3 0.6 

13.1 0.6 0.1 

1_0.9 ' 0.3 0 

19.2 1.5 ~ 00.7 
, 

16.2 1.0, , ,. 0.2 

13.6 0.6 0, 

20.5 1.6,., " 0.8 ' 

17~9 1.0 0.2 

,15.3 0.,5 0 , 

21.5 1.8 0.9 
19.0 ' Q 1.2 ' { ,0.2 

16.8 00.7 .0, ' 
-' . 

22.7 " b8 .0.9, 

20.1 1.1 0.3 : 

18'.4 O~-6, 0 il " 

, , \ 

a Each value represents the mean of thre'e rep1icate semples, analysed 

in duplicate. , , 

o 

o ' 
, ,,"1/" 

~ , 

o , 

0, 
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by thermal oxidative reactions. With the vegetable oil ,samples (Table 

22), decreases in the oleic acid content 0 of the oi 18 are not apparent oand 

in fact, the content of oleic acid in the NP fractions appears to increase 

,wi th increasep Ume of heating. This' is because the levels of the di f­

ferent fatty acids in a given ,sample are relative to one anafher and the 

initial levels of saturated fatty acids in the vegetable ails is low. 
o 0 

Thus decreases in linoleie and linalenic acids result in increased levels 

of aleic acid, even though some oleic acid may b~ consumed in thermal oxi-

dative reaetions. With the butterfat samples (Table 23), decreases in the 

levels of unsaturated fatty acids with heaÙng resulted in corresponding 
, , 0 

increases in the levels of saturated fatty acids. It is worth rioting that 

with the butterfat samples, regardless of the initial levei of unsaturated 
, 0 

fatty acids in the fat, the reductions in the levels of these 8Clds (after 

both B "d 16 l'l) were similar for a11 samples; absalute values of the un­

saturated fatty 0 acids in the total nonvo1atile fractions will be differenL 

due to the different sizes af the NP fractIons. 

The results reported in the present paper lend further support to 

aur initial observations (Chapter IV] that butterfatoand the fractions af 

butterfat are mueh more stable to thermal oxidation than are certaIn vege-

table oils (canala, sunf lowerseed and soybean). The data aiso sugg~sts 

th,at the degree of unsaturation of a fat or oil alone does not control the 
i;r 

extent or rate of thermal oxidati ve reactions. As Indlcated from the re-
n 

sults with the corn oil and the liquid butterfat fractIons, factors other 

°than the degree of unsaturation could be important in determining the 
" 

extent of degradation during thermal oxidation. <) WHh the liquid butterfat 

1 

j 
·1 
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,0 fractions, it is 'possible that an antioxi,dant (actor(s'~ is ,concentratE!d in 
r 

" thesé fràctions by the fraction.,AUon process,; this co,ul~ explain t,ne 

thermal oxidative stability of the liquid fractions' compared to the whole 

butterfat. further work isbeing conducted in this'laboratory to provide 

more detaHed information on the consti tution of the butterfat fractions 

and to determine ,the nature or the antioxidant factor(s) in the liquid -' 

,butlerfat fractions. 
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ANA~Y5IS O~ THERMAllY OXIDIZED BUTTERfAT, BUTTERfA,T fRACTIONS 

AND CERTAIN VEGETABlE OIlS fOR CYCLIC MONOfoERS 
'J 

1. 'INTRODUCTION 

Jo Q 

, Cyclic monomers ",: bec~u~~ of thei r potentiel toxicit y, are an impor­

tant class of compounds which may be 'present in foods as a consequence of 

, processing and cooking. 'The>: are known to arise from the intramolecular 

condensation of C18 polyunsaturated fatty acids (Michael, 1966a and 1966b; 

Gente and GUIllaumin, 1977) and their occurrence has been demonstrated in 

vegetable 0115 which were used for deep fat frying (Meltzer et al., 

1981; Frankel et al., 1984). MeUzer et al. (1981), a~ter low 

" temperature crystallizatlon of the hydrogenated methyl esters, were able 

to detect cyclic fatty acids (0.3% ta 0.6%) in heated (1950C for 52-104 . 
h) soybean oil under both contJnuous and IntermIttent heatlng conditions. 

frankel et al. (1984) analyzed vegetable fat and oil samples fr~m food 

outlets in both the United States and the Middle East (Israel- and Egypt) 

for their content of cyclic fatty acid monomers. The samples From the USA 

contained from 0.1% ta 0.5% cyclic.monomers; the semples From Israel and 

Egypt had values which ranged from 0.2% to 0.7%. Fresh vegetable 011s, 

prior ta heating, have also been shawn (Guillaumin et al., 1977) ta 

'contain small amounts of cycli~ monomers (0.1$ to 0.2$); this could be the 

result of previous processin9 and refinement. 

':'" 96 -
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The toxicity of feeding low levels lof cyclic monomers has been ," 

demonstrated in laboratory experiments with animaIs. 'Iwaoka and Perkins 

(1976) in experiments with rats showed that the ,.incorporatIon of low' 

levels (0.1)%) of purlfied cyclic fatty acid methyl esters (methyl 

w(2-alkyl cyclohexadlenyl) carboxyllc aClds) in diets which contained 8% 

or 10% protein and 15% corn 011 caused depressed growth and fatty livers 

due to the accumulation of llpld. Further studies by these authors (1978): 

showed that feeding the same levels of cyclic fatty acid methyl esters 

resulted ln decreased lipogenesis in the livers of rats which were fed 8%' 

and 10% protein and elevated lipogenesis in the adipose tissue of rats 

which were fed 10% protein diets. 

The present study deals with the determination of cyclic monomers 

in thermally oxidlzed butterfat and butterfat fractIons as weIl aS ln 

certain vegetable 0115. Although butterfat is used extensively ln food 

preparation, Ilttle is known about the composItIon of the nonvolatlle 
, 

products of thermal oXldation and in partlcular, the occurrence of CyCllc 

(
monomers in thermally oXldized butterfat. 

/~ 

2. EXPERHENTAl" 

2.1 Fat and Oil Semples 

Anhydrous butterfat was prepared From fresh summer (September) 

butter (Cooperative Agricole de la Cote Sud, Quebec). The anhydrous' 

butterfat was fractionated at 29 and 190C by cry~tallilation From molten 

, c 

" l, 
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fat, ta, yield solid (5) ana hquid (l) fractions' at e~ch temp,erature,. The 

pr"eparation of anhydrous butterfat, 'the f.ract.~?nation procedure, and the 

ch~mical and physlcal, characterlsÙcs of the fractlons have been' described 
c 

previously (Chapter Ill) . 

Sunflowerseed ail (Safflo, CSP Foods L td., 6askatchewan) and corn 
Q 

oil CHazola, Best Foods, Montreal) were p,urchased from a local ~uper:-

market. Canola oil and, soypean oil were' obtained from Canada P,açkers ltd. 
" , , , .. 

" 

(Montreal). None of the, vegetable olis, contained any presèrvatives. 
, , 

, ' 

2.2 Thermal Oxidation Procedure, 

A continuClus ,heat trea tment was used by which lOQ 9 °samp~es -of 
,,' , 

"anhydrous fat or 011 wer'e placed in round bot tom flasks and maintairied at 

185 + 20 C for 8 or 16 h if""! the ,presence of alr (JO ml/min); tpe method 

has been descr ibed prev lOusly (Chapter V). 

2.3 Determination of Cyclic Monomers 

The technique which was used for the dete'rminatlon of, cyclic fi. 

riionomers was a modificatIon of the procedure ~hich was described by 
. 

Meltzer ~t al. (1981); the procedure iovolved the followlng steps: 

2.3.1 Preparation of methyl esters 

Methyl esters of the heated fats and ails were prepared by the 

IUPAC Method 2.301 (4.2) for acid oils and f~ts (I1JPAC, 1979) wlth minor 

moctifications. ~roximately 1 9 of anhydrous lipid was heate,d under 
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reflux for 15 min with a sodium methylate solution (1 9 Na per 100 ml 

anhydrous methanol; 10 ml).' Methanolic hydrochlorie acid solution (1 N; 

~ 13 ml) was then added and heatlng was continued for an additional 10 

minutes. The flask was cooled under running water and the mIxture was 

transferred to a separatory funnel with the aid of distilled water (25 " 

ml). The methyl esters were ~xtracted tWlce with hexane (8 ml). 

The hexane extracts were eombined and then washeâ several times with 

distilled water. The resultant hexan~ solution was dried over anhydrous 

sodium sulfate, filtered, and the hexane was evaporated under a stream of 

, nitrogen. 

'- ~ 

2.3.2 Micro-hydrogenation of methyl esters 

The fatty acid methyl esters (50 mg) ~ere dissolved in ethyl 

acetate (10 ml) and hydrogenated (platinum oxide, 50 mg) using a 

micro-hydrogenation unit supplled by Supeleo (Bellefonte, Pennsylvannia). 

The hydrogenation proceeded for approxlmately 3 hours, or until the 

hydrogenation was complete,. The hydrogenation mlXture was flushed witIÎ 

, nitrogen and filtered (I.~atman 44 paper) to remove as much catalyst as 
( 

possible. Remalning catalyst was removed by filtratlon of the solution a 

second time through a Millex HV filter (Waters Scientlfic, Milford, 

Massachusetts). The ethyl acetate was evaporated using a stream 'of 

nitrogen and the hydrogenated methyl esters were weighed. 

2.3.3.~Concentration of eyclie monomers by urea fractionation 

The method of urea adduction (Firestone et al., 1961) fol1owed 

by law temperature filtration was used ta remove the bulk of the saturated 

linear fatty acids and hence to concentrate the cyelic fatty acids. A 



met~anol (70 parts) was warmed on a hot plate to achieve complete , 

dissolution,of the solid material; the mixtu~e was held at -20oe for at 

. least 18 hours ta enhance complexation. The mixture was then flltered at 

-470C using a sihtered glass funnel (Kimax" 60 ml - 40M) WhlCh was __ 

modified sa that a glass Jacket surrounded the funnel. A mlxture'of dry 

ice aritl acetone was placed in the jacket to maintain a temperature of -, 
-470 C throughout the filtration. The methanol was evaporaled and 

\\ " 
diethyl ether (4 x 5 ml) was used to exttact ~he hydrogenated methyl 

esters. Th~ dlethyl ether was evaporated and the methyl esters were 

redissolved in hexane (1 ml) WhlCh contained a known quantlty of internaI 

standard (methyl"undecanoate; NuChek Prep., Elyslan, Minnesota). 

" 2.3.4 Gas Chromatography - Mass Spectrometry 1GC-MS): 

The concentrated samples WhlCh were obtalned by urea fractio~atlon 

were analyzed using a Hewlett Packard GC-MS system; the system conslsted 

of a 5890A Gas Chromatograph, a 5970 Mass Selectlve Detector, a 7946 

Control System and a methyl-sllicone cross-llnked caplilary column (0.2 mm 

10 x 12 m; 0.33 ~ film thickness) WhlCh was dlrectly coup1ed wlth the 

source of the mass specirometer. An aliquot (1 ~l) of the hexane solutIon 

was inJected (splitless mod~)-at 2700 C. The Ge oyen temperature was 

held at 600C for 1 min and then lt was programmed in 3 stages as 

follows: first, from 600C ta 1600C at a rate of 100C/mln, then from 

1600C to 2200C at 50 C/min, and finally From 220°C ta 290°C at 

l50C/min. The mass spectrom>ta;:-_parameters were fi xed autoOiatical"ly. 

ALI spectra were obtalned at 70 eV in the electron Impact ionization mode. 

i 
) 
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2.4 fatty Acid Analysis 

'" 

The preparation of methyl esters and the determination of fatty 

acid composition by capillary-column gas liquid chromatography was des-

• cribed in Chapter III. 

3. RESU~TS AND DISCUSSION 

Thê total quantities of CIB cyclic fatty acid methyl esters in the 

various butterfat and vegetable ail samples are reported in Table 24. In 

aIl instances, the values reflect the SUffi of several C18 cyclic monomers 

with either propyl or but yI substituents. After both Band 16 h of heat 

treatment, aIl of the vegetable ail samples contained higher amounts of 

cyclic monomers compared to the butterfat samples. ThIS would be expected 

because of the relative abundance of polyunsaturated fatty acids in the 

vegetable olls compared to the amounts present in the butterfat samples .. 
(Table 25). To the authors' knowledge, there are no reports in the 

literature of the formatIon of cyclic mon~mers from pure systems of 

saturated or monounsaturated fatty acid~. Among the vegetable oils, the 

thermally oxidized corn oil had the lowest emount of cyclic monomer$; 

there was very littlé difference between the amounts of cyclic monomers in 

'''''''"the sunflowerseed, soybean, and canola oils (Table 24). Whole butterfat 

and the L-19 fraction from butterfat contained similar amounts of cyCllC 

monomers (Table 24); the 5-29 fraction had slightly lower values, 
Q 

( especially after 16 h of heat treatment. Overall, the values reported for 

getable ails are within the range reported ~other workers (Gente 

Guillaumin, 1977; Meltzer et al., 1981; Frankel et al., 1984); 
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T~ble 24. Cyc1ic fatty Acid Monomers in Thermally Oxidized Butterfat, 
Butterfat fractions an~ Certain Vegetable Oils. 

Oil Heating period Total C18 cyclic fatty 
(h) acid methyl esters (%) 

Whole butterfat 8 0.DJ9 (+ 0.001)8 
16 0.061 (~ O.ODJ) 

S-29~fraction of 8 0.035 
b 

butterfat -' 16 0.048r (:t0a005 ) 
" 

L-19 fraction of 8 0.038 (+ 0.005) 
butterfat 16 0.061 (~ O.OOJ) .... 

, 
/' 

Sunflowerseed oil 8 0.13 (+ 0.014) 
16 0.18 (~ 0.052) 

Soybean oil 8- 0.13 ~:t 0.007) .., 16 0.21 

Canal a oil ' , 8 0.14 (ut O.OOJ) 
16 0.21 (~ O.U01) 

\ (";- -

Corn ail 8 0.060 (+ 0.OU7) 
16 0.13 (~ 0.001) 

8 TRe deviation is the average.deviation From the mean of one semple, 
analyzed in duplicate. 

b fraction designation indicates physical state (solid, liquid) and 
fractionation temperature (OC). 

", 
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Table 25. fatty Acid Composition of the Unheated Butterfat, Butterfat fractions and Vegetable 
Oils Which Were Used in the 5tudy. 

Hethyl esters (Wt ~) 

fatty acid Whole 5-29 
butterfata fractionb 

L-19 5unflowerseed 50ybean Canola Corn 
fractionb oila oila - oila oila 

5aturated 66.73 72.28 64.6~ 10'.74 15.07 7.43 12.99 
, 

Honounsaturated 27.36 22.36 29.06 18.00 22.66 58.16 26.83 

19.44 • C18:1 23.86 25.21 18.00 22.57 55.69 26.83 

Other 3.)0 2.92 3.85 0.09 2.47 

Polunsaturated -" 2.36 1.92 2.70 70.90 61.86 34.17 60.17 

C18:2 1.57 1.33 1.82 70.69 53.17 24.44- 59.47\ 

C18:3 0.79 0.59 0.88 0.21 8.69 9.73 0.70 

Other 3.55 3.44 -3.55 0.35 0.42 0.24 

1 

a [ach value represents the meen of one semple, analyzed in duplicate. 

b Each value represents the mean of 3 replicate samples, analyzed in'duplicate. 
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,0 

direct compsrisons cannot Ile made', ho~ever, du~, to' diff~rences in heat 
o 

treatments' and analy,tical "},ethods ~t;, h8V~ been used by' the virious 

investigators. 
, , 

ln a previous study ~~ent~ and Guillaumin, 1977) of cyclic,monomer 

~ formation in heated vegetableooil~, est,,imations were made by direct gas 
" -

chromatographie (.GC) analYSiS,~f the hydrogenated(J.fatty acid methyl " 

esters. The eompon~nts which eluted after methyl stearate but prior to 

Meltzer et 
" al. (1981) fotrnd that at low levels ~f ey~lie monomers (less than 0.5%> 

it was,neeessary to eoncentrate the sèmples by lôw temperature 

erystallization of the hydrogenated fatty ~eids before accurate 

estimations could be made. Again, the final estimation of eyelic monomers 

by these authors, was performed by GC 'an~lysis (flame ionization detector) 

taking into account -the peaks which eluted between C18:0 and C20:0 on the 

basis of retention time; it was confirmed by GC-MS analysis that t~e peaks 

~ich e\~ted betw~en C18:0 and C20:0 cGn'tained many isomers (some of which 

" were not fully resolved) of Cl8 cyclic monomers. ln the present study, it 

was also necessary to concentrate the samples for detection and estimatlon 

of cyclic monomers; a urea fractionation technique was used. The 

estimation of cyclic monomers, however, was performed directly From the 

total ion scans (ion range 50 to 300 a.m.u.) obtained by the mass 

selective detector. Only the peaks which were idcntified to be cyclic 

monomers by selective ionomonitoring (SIM) were included in the 

calculations. This was necessary in the analysis of butterfat semples 

because of the complexity of the composition of fatty acids in butterfat. 

Unheated butterfat is known to contain small or trace quantities of 

/ 
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several br'anched· chain fatty acids and at least one eyclic acid (P'atton 
, 

and Jensen, 1975). These are eoncentrated along with the cyclic monomers p 
./' 

~ . " 
by urea fractionetion and can elute from the OC column in similar 

positions as the cyclic monomers. 
fj 

fi~re 15'shows the GC-MS identification of eyclie monomers" in a 

thermally oxidized 5-29 fraction of butterfat. Methyl undeeanoate was 

'" selected as an··internal standard sinee it eluted in a region of the 

chrom~togram which was' relatively free From interfering peaks. Identifica­

tions of cyclic acid peaks were made by 'computer-assisted plots of 
. , 

selécted ions which were reported 6y Meltzer et al. (1981) as being 

characteristic of cyclic acids with propyl or but yI substituents (fig. ~ 

16). Cyclic acids with a propyl branch were thus idëntified by plotting 
CI 

characteristic ions at m/z 296 (M+), 253 (296 - C3H7), 221 (296 -

CJH7' CHJOH), and 203 (296 -.CJH7' CHJOH, H20). Cyclic 

'acids with a but yi branch were identified by a charaeteristic ion at m/z 

189 (296 - C4H9, CH)OH, H20) rather than at 203. If these 

assumptions are correct, there are two or three cyclic acids with a but yI 

chain present (fig. ~15(b), fig. 17). Whether the ring contain9}less than 
li 

6 carbons or if there i8 branching present on the side chain could not be . ' 

determined From the mass spectre which were very similar (data not 

~own).· Theae compounds would need to be, ieol,ated for furthli'r 

characterization. 
.. 

""" Sorne major differences occurred between the analysis of cyclic . ., j 
G> 

monomers in butterfat end in vegetable oils. In two of the sa~plee (sun-
4 

flowerseed oil and corn oil}, one· of the cyclic ,acids with a but yI side 

chain (peak 0) eluted from th~ GC column along with the propyj' branched 

v 

(t.\ .. 
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Cl) :0 

SO.OD ta JOD.OCl .n.u . .J .. a~. ORTt=4'''.:I_RÜJF< 0 

,;, 

-- 'If< 

~.-F 

.,iI." . " 
,,"1'( 
,~ , 
~, . . , 

" .. 

(a) 

(b) 

," ) 
\ 1 

J 

A= buty1 
B= propyl 
C= butyl 

() 

Fig. 15. GC-MS identification of cyclic. mo~On:M!rs in a thenna1.1Y oxidized 
(l8SoC; 16 h) .5-29 butterfat fraction; (a) Total ion 
chromatogram (TIC) of the non-urea~adductable fraction of 
hydrogenated methyl esters, (b) expanded region of the TIC 
between 8 and 22 mi n, ( c) compute'r-a$ sis ted se 1 ected ion 
monitoring (SIM) analysis of the expanded region. " . 
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Propyl Buty. 
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" 
R =C3H7 

Q 

_R': C4H9 ,& 

n=8 n = 7 
,." 

" , 
Fig. 16., Generat structur.e of a ,C18 cycl1c acid 'w1 ~h 

propyl Or butyl substituents. 
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Fig. 17. GC-MS identification of cyclic monomers in thermally ox1dized 
(18SoC; 8 h) corn oil. SIM analysis which shows that a butyl 
and a propyl branched C18 cyclic fatty acid eluted together. 
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eyclic aeid (peak B) as was indicated by the SIM analysis (figure 17). 

With the butterFat samples, the first cyclic acid with a but yi chain (peak 

A) was present ln trace emounts. A compound (Fig.15(b), peak E) whieh 

interfered with this cyclic acid in the butterfet samples was identffied 

as ll-cyclohexylundecanolc acid (M+ 282); the mess speetrum was identical 

ta the one given by Schogt and Heverkamp Be/Jemenn (1965) for this cYcl.i"c 

acid which was lsolated From butter (Flg.JB). There wes also a methyl 

ester of 8,branched cheIn falty acid with 20 carbon atoms (Fig.19) which 

e~uted in the same region as did,the cyelic acids in the butterfat samples 

(Fig.15(b), peak F); chain branching was easily determined by the 

characteristic ions at m/z 101, 171, 241 and 311 which corresponded ta the 

sites of cleavage at the points of branching. If there was no methylO~' 

group at C3, the Ion at m/z 87 would appear, rather then the ion at m/z 

101. This branched chaIn Fatty acid (3,7,11,15 - tetramethylhexadecanaie 

acid) was lsolatèd previoysly from butterfat by Sonneveld et al. (1962). 

The whole butterfat (unheated) was analyzed (data not shown) to 

determine whether or not C18 cyclie monomers existed in the fat priaI' to 

thermal oxidative treatment. The GC-MS analysis confirmed the presence of 

bath 11-cyclohexylundecanoic acid and 3, 7, 11,15 - tetramethylh~xa-

decanoic aCld in the unheeted butterfat sample. No CIe cyelie fatty acids 

were detected in the unheated butterfat. 

In summary, the present study has shawn that C18 eyclic fatty 

aeids do not oecur in unheated butterfat but they are formed in butterfat 

and fractions of butterfat as a result of heating ,(I850 C, 8 or 16 h) in 0 

the presence of air. .The levels' at which these compounds are formed, 
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Fig. 18. Mass spectrum of the peak which corresponds to 
ll-cyclohexylundecanoic acid methyl ester (M+ 282) 
(contaminated by acid M+ 296). 
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',",owev,er, are considerably lower than the amounts which were detected in 
0' 

" , 

veget~ble ails, which were treated under identlcal conditlons (Table 24). 

lt lS'reasonable to expect that only t~e polyunsaturated fatty acids give 

rise to cyclic monomers; thus, the levels at which these compounds can 

form in butterfat as a r~sult of heating is llmlted by a low level of 

polyunsaturated fatty aCIds in the fat (Table 2S). The cycllC monomer 

fractions in aIl of the samples were ldentlfled by GC-MS ta contain 

:primarily disubstituted CIB,cyclic aClds wlth but yI or propyl 

substituents. It has not been established whether these cyclic acids 

occurred as free fatty aClds or as constituents of glycerides. The method 

of analysis also did not permit the number and location of double bonds in 

the structures to bé established. The data obtained from the analysls of 

, the unheated and ryeated butterfat samples clearly demonstrate the 

importançe'of mass spectrometry in the Identification of cycllc monomers 

in complex fats. Unless the components of the sample are adequately 

resolved (by a capillary column) and accuratf!ly identlfied by GC-MS, the 

amounts of cyclic monomers ln heated butterfat ~ay be overestlmated 

because of the naturally occurring cyclic and branched chain fatty aClds 

which can elute in the same region of the chromatogram as do the Cl8 

cyclic acids'. 

o 
o 
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CHA PTE R VII 

GENERÀL DISCUSSION AND DIRECTIONS 

fOR fUTURE RESEARCH 

.-
f). 

ln thé investigations reported in this thesis, the "thermal oxida-

tive behaviour of butterfat was compared ta that of cer~ain vegetable 

ails, i.e., soybean, sunflowerseed, canola and corn oirs~ Butterfat was 

studied because of its importance ~s a fooe fat and the lack of info~ma­

tian in the literature regardlng its thermal oXldative behaviour. In 

addition, a procedure was developed for the fractionation of butterfat and 

~ the thermal oxidatlve behaviours of the resultant fractions (solid and 

liquid) were studied. These fractIons might flnd ~se ln various food 

applications and thus, information about their thermal oxidative stability 

compared ta that of whole putterfat, IS important. 

The technique which was devlsed for the fractionation of-butterfat 

(Chapter III) involves two distinct processing steps: (i) the partial 

crystallizatjon of molten butterfat under controlled conditions of tlme, 

cooling rate and agItation to yield a mIxture of large crystals suspended 

in liquid ail, and (ii) separatIon of the SOlld and liqUld fractions by 

vacuum filtration using a specialized apparatus. Experiments are reported 

in Chapter III which describe the fractlonatlon of wlnter butterfat at 29, 

26, 23 and 190 C and summer butterfat at 29 and 190 C. The technique 

was reproducible, yielded fractions which differed markedlYjin their 
c / .- _ 

chemical and physical characteristics, and the processlng \steps did not 

cause oxidative deterioration in the resultant fractions. Subsequent 

- 113 -
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thermal oxidati~n experiments were performed on the fractions obtained at 

29 and 190C. The 5-29 and L-l9 fractions possessed the widest possible 

diffe~ces-în ch~mlcal and physical characterlstlcs which are attainable 

when butterFat ~ fsectlonated by crystallizatlon From molten fat and in 

general, there wère no slgnlficant differences ln fatty acid compositions 

between fractioQs obtained at 29 and 26°C and between those obtained at' 

23 and 190C (winter butterfat experiments). 

The results of the thermal ox~datlon experlments (Chapter IV, V' 

and VI) Indicated that butterfat and the fractions of butterfat are much 

more stable ta thermal oxidation than are canola, sunflowerseedosnd 

soybean olls. • ThIS was eVldenced by substantially higher contents of 

inter- and intramolecular polymers, total polar components, and Cl8 cyclic 

, monomers in the vegetabte olls then in any of the butterfat semples efter 

both 8 and 16 h of heating at 18SoC. The corn ail also exhibited a high 

degree of ?tability after 8 h of heating when the levels of Inter- end 

intramolecular polymers, and total polar components are consldered 

, (Chapters IV and V). The corn oil, however, contalned hlgher leveis of 

Cl8 cyclic fatty acids (after bath 8 and 16 h) than did any of the 

butterfat samples (Table 24). As stated earller, the results of the corn 

oil which was heated for 16-h are somewhat uncertain due ta the presence 

of a very viscous and dark coloured material WhlCh could not be removed 

From the inner walls of the oXldation flask. ThIS material represented 2 

- 3% of the original weight of the sample and was believed ta contain 

highly polymerized ail. 

• '0 
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There is no doubt that a.large part of the differences observed in 

the thermal oxidative behaviours of the butterfat samples in comparison to 

the soybean, sunflowerseed and canola oils stem From basic differences in 

the fatty acid compositions of the unheated fats and oils (Tables 8-11, 16 

and 25). From studies of pure systems of triglycerides or fatty acid 
• 

esters, it is known that the oxidative stability of polyunsaturated "at~----: 

acids is considerably lower than that of monounsaturated fatty acids which 

are in turn less stable than saturated fatty acids. In fats and oils, 
1 

however, where a variety of fatty acids are arranged as triglycerides and 

other components are present (e.g., unsaponifia~le co~ponents), other 

factors are also important in determining the thermal oxidative stability 

as was indicated from the results with corn oil (8-h heat treatment) ana 

the l-19 butterfat fractions. 

,The high degree of stability of corn oil during 8-h of thermal 

~xidatiOA-couléJ be due to' the acti~n of naturally occurr,ing antioxidants 

during the early stages of heating. Corn ail cantains a relatively high 

tocopherol content (in mg/kg of oIl:oc., 191;f>, trace;g, 942;d, 42) and 

very small amounts of another antioxidant component, ferulic ac~d 

(Sonntag, 1979). Further studies are needed ta determine the composition 

of vitamins in the fats and ails which were used in the present 
1 

" 

investigations and their relationship to the thermal oXldative behaviour 

of the fats and oils. Yoshida and Alexander (1982) have shown that corn 

oil is degraded to the same extent as sunflowerseed oil and more than 

soybean oil by thermal oxidation et I800C for 50, 70, and 100 h (based 

on total, polar components). The heating times in this study were much 

longer than those used in the present experiments and could eccount for 
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differences in the, results of the two studies. lt i~ possible that if 

fats aÇoils in theDpresent study, were heated beyond 16 h, the 
, 

extent of degradation of the corn oil would have reached that of the other 
", 

vegetable oil~, whila the degradation in the b~tterfats would start to 

level off. Th~,iS some IndIcatIon of this From the results (Tables 15 

'and 24) which showed la1'ge1' differences between the 8- and 16-h corn oil 

data than between the 8:'1< and 16-h but te1'f at da ta. 
1 

With the winter butterfat samples, after 8 h of. thermal oxidation, 

both the solid and liquid butte1'fat fractions exhibited more stability 

toward intermolecular polymerization than did the whole butte1'fat (Table 

, 17). After 16 h of heating, however, the extent of inte1'molecular 

polymer~zation increased with increasing deg1'ee of unsaturation of the 

fat. With t'~e summer butterfat samples, the degree of intermolecular 

poly~e1'ization was related ta the degree of unsatu1'ation of the fat, after 

both 8 and 16 h of heat treatment. When the total polar co~ponents in the 

heated fats were assessed, however, the liquid fractions obtained from the. 

summer butterfat showed some stability ta thermal oxidation (after both 8 

and 16 h) as comparèd to the whole butterfat (Table 21). The whole 

butterfat çontained a higher proportlon of oxygenated·triglyeerides and 

hydrolysis products in its degradation products while the liquid fractions 

contained a higher proportion of polymerie triglyee1'ides in their 

'degradation produets. Thus, consideration of only one indicator of fat 

dete1'ioration such as the amounts of polymerie triglyee1'ides in the heated 

fat may not give the complete ~icture. The amounts of C18,cyclic fatty 

acid monomers were the same in the whole summer butterfat and the Hquid 

butte1'fat fractions. 
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The greater stability of the s01id butterfat fractions to thermal 

oxidation compared to the whole butterfat was most likely the result of 

the lower degr.ee -of unsaturation of the solid fractions and their greater 

content of trisaturated glyce~ides (Chapter III). The stability of the 

liquid fractions, however, was most likely the result o~ the presence of 

ari "antioxygenic" factor or naturally occurring an,tioxidant(s) which 

become(s) concen.trated in the llquid fractions by the fractionation 

prooess. It is not possible to state from' the results of the present 

e~periments what the nature of this antioxidant or "ar;!tioxygenic" factor - ~-------

" 

might pe. further research is needed to characterize the component(s) 

responsib1e for the high degree of st~bility of the liquid fractions and 

to elucidate its mode of action • . 
Vitamin A and ~ - carotene are known to be concentrated in the , . 

1 

liquid fractions during fractionation of bûtterfat (Norris·et al., 

1971). There are contradictory reports in the 1iterature, however, on 

whether these compounds are antioxidative, prooxidative, or without effect 
, 

on butterfat oxidation (Ougan, 1980; Eriksson, 1982). 

Sèveral other components of milk or milkfat are believed to have 

antioxidant properties; these include phospholipids (~ruthi et al., 1970 

and-1971; Bector and Narayanan, 1972), sulfhydryl groups (El-Rafeyet 

al., 1944;" Taylor and Richardson, 1980), case in (Taylor and Richardson, 

1980) and browning reaction (carbonyl-amine reaction) products (Ougan, 

1980; Erik~son, 1982). The effects of these components are, however, ~re 

important when the fat exists in milk or when the processing conditions 

favour their transfer to anhydrous mil~fat or butterfat. In the present 

study, the process which was uséd tq isolate anhydrous butterfat from 

\ 
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butter included minimal heat treatment and did not favour the presence of 

residual non-fat solids in the butterfat. Also, the phos~ollpid content 

is greatly reduced in butterfat dur~ng ,the buttermaking process (lampert, 

'1975). 

One class of compounds which occur naturally~in butterfat and 

would be of interest to stddy with respect to possible antioxidant . -
activity, are the lactones. lactones are important contributors to milk 

flavour. They are formed in butterfat from "the J .. and J-hydroxyacids and 
, 

their formatio'n is greatly enhanced at elevated temperature (Urbach, 
-

1979): Aeeording to Walker (1974), the precursors of laetones anc! • 
, 

methylketones are mainly transferred to the low-melttng fractions during 
, 

~ butterfat fraetionation. OzieqzieOand Hudson (1984) demonstrated that 

phenolic lactones (e.g., aesculetin) when added to edible oils, possess 

Il 

" . 
sorne aneioxidant eharacter. Essential molecular features of th~ compounds 

which were studied by Oziedzic and ~udson (1984), which contributed to'a ~ 

high level of antioxidant adtivity included: (i) at least two or more 

neighbouring phenolic hydroxyl groups, and (ii) a carbonyl 9rouP, in the , 

form of an aromatic acid, .ester or l~ctone, or a ehalcone, flavanone or 

flavone. ,The lactones which form in butterfat do not -meet the first 
" 
-', 

criteria, h~wever, they may become hydroxylated during thermal oxidative 

, reaetions. 

Bhalerao et al. (1959) assessed the nutritional value of 

thermally oxidized butterfat fractions obtained by crystq,llization from 

aqetone or aleohol and, of certain vegetable oils. The authors fed 

thermally oxidized (2000C for 24 h) butterfat, acetone or alcohol­

soluble and insoluble fractions (0 and 20Ce) of butterfat, corn oil or 



• 
__ ~hydrogenated soybean oil to .rats for a \ four week period. The animars -­

which were fed the thermally oxidized butterfat or~ ac~tone-insoluble 
,Ill 

fraction of butterfat did not exhibit' any differences in growth wheo 

compared with animaIs which were fed the corresponding fresh fats. The 

~ _~_' alcoh~l-s~luble or alcohol-insoluble fractions of butterfat produced 

• 

. \ 

. 
"; 
t." 
~t. ,',.~, __ . 

'slight growth depression while marked growth depressions were ob~r~ed in
k 

, , 
rats consuming the acetone-s?luble fraction of butterfa~ or the vegetable, 

oils. When the vegetable oils were mixed with 30~ of the acetone-
. 

insoluble fraction before thermal oxidation, there was no ~ifference in ' 

. the growth of rats compared to those consu~ing fresh fats. Thefauthors 
,/' 

concluded that butterfat contains relatively stable triglycerides (such as 
" 

, ., 
trisaturated glycerJdes) which are acetone-insoluble and'~hfch are able to , 
counteract the effects of ~oxic products or prevent the formation of toxic 
'Q . ~ <4l 

products during heating. From the knowledge.that has been accumulated 

about thè toxic components in heated fats and oils since the Bhalerao et 
~ " 

al. (1959) study, it is reasonable to assume that the toxic effects of 

the heated oils were rel~ted to the levels of cyclic monomers in the 

oils. The'present study has sh~wn that the content of cyclic monomers in 

'<the thermally oxidized 5-29 fractions is slightly lower than that of the 

/~-19 fractions or whole butterfat w~ich were treated under similar ~ 
'< 

conditions ,(Table, 24). AlI of the butterfat samples had considerably 

lower contents of cyclic monomers compared to the vegetable oils (Table 

24). The differences between the sblid and liquid 'fractions in the 

present study are not as pronounced as if fractions From acetone 

crystallization had been studied since the latter procedure yields a 

clearer separation between solid and liquid fractions. It is possible 

'" \ 

-
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that in the Bhalereo et al. (1959)' study, the absence of toxicity 
~ 

symptom~ which were observed when the acetone-insoluble fracUon wes 
'\ 

blended with the vegetable oils prior ta thermal oxidation, (was purely due 

to a "dilution-effect" whereby the level of polyunsaturated fatty acids in 

the Illended oil which were/j available for cyclic monomer formation, were 

reduced. further research is needed tQ assess the Qutritional value of 

the thermally oxid!zed fats and oils used in the present study. 

The ~esults from the present experiments, although they prôvide 

valuable comparisons be~een the effects of thermal oxi~ation on the 
o 

" constitution of butterfats and vegetabl~ oils, cannat be extrapoleted ta 
• 

, w 
the frying of foods since many other factors come into play when food is 

either pan fried or deep fried. further studies ere needed to assess thé' , 

therqlal oxidative behaviour of butterfat and butterfat fractions in actuel 

frying experiments. 
, 

" 
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CLAIMS TO ORIGINALITY 
o 

\ 
l 
1 

The etudies cJntained in this thesis make severaPcontributions tq. 
" 

original knowledge. 

From the point of view of methodology, a unique method for the 

fractionation of butterfat by crystallization from molten fat has been 
J 

devised. The technique is practical, reproducible, and yields,fractions 
p 

which differ markedly in their physical and chemical characteristics. In 

addition, the fractions are rePFesentati~e of those which could be 
, 

obtained on a commercial scale. fhus the results of analyses (fatty acid 

and triglyceride analyses, thermal examinations by differential scanning 

calorimetry, melting point, iodine val~e and peroxide value) of the 

fractions obtained by this technique and the study of their thermal 

oxidative stability are meaningful and contribute to original knowledge. 

Advantageous modifications have been introduced to the 

methodQlogies used rOI' the evaluation of the thermal oxidative behaviour 

of vegetable ails and in the application of these methodologies ta the 

study of thermally oxidized butterfat and butterfat fractions. lmproved 

'methodologies are described for the analysis of polymerie material and of 

. Cl8 cyclic monomers in thermally oxidized fats and ails. 

This i8 the first comparative study of the effects of thermal 

oxidation on the constitution of butterfat, butterfat fractions and 

certain vegetable oils (soybean, sunflowerseed, canola and corn oils). To" 

the authors knowledge, there are no previous reports in the literature on 

the thermal oxidative behaviour of butterfat fractions. furthermore, the 

studies which have dealt with the thermal oxidative behaviour of whole , 

butterfat h~ve concentrated primarily on the voÎatile decomposition 

\ 
- 121 :. 

'-". ï"( .~";'.{ 
( 

.. 



o 
~,\ ',.,,' 

, , 
1 < 

1 ',' 

o < 
"', 1 l 

i' " 

,,'" -. ( 

Il 

o 
AI 

- 122 -

, < 

11;) 

products.' The present investigations deal with the nonvolatile degrada-

"tion products which are formed during the thermal oxidation of butterfat. 

This is the first demonstration, to the authors' knowledge, that 
, 

the' greater stability of butterfat to thermal oxidation compared to that 

of v~getable oils is not only due to the greater degree of saturatlon of 

butterfat but also to another factor(s) or component(s) as would be 

indicated From the results with the butterfat fractions in camparison to 

whole butterfat. This factor or component is concentrated in the liquid 

fractions during fractionation and thus contributes to a comparatively 

,'high degree of stability of the liquid fractions despite their in~reased 

unsaturation. 

This is the first demonstration, to the authors' knowledge, that 

differences exist in the major routes of decomposition of solid and liquid 

butterfat fracttons during thermal oxidation. Polymerization is a 

predominant decomposition pathway in liquid butterfat fractions while 

oxidative and perhaps hydrolytic reactions are more inlportant in salid 

butte~fat fractions. 

-
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